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The Atomic Industry and Human Ecology 


III—ON GETTING THE WORD 


MAN'S UNIVERSAL DESIRE to get the word, to be in on the know, is intensified 
from time to time by events of obvious importance. But an intense desire to 
learn no more ensures knowledge than does a complete disinterest guarantee 
ignorance. Learning, like tennis, is a game in which violence of effort is often 
less fruitful than accurate consistency; and the fact that dissemination of 
technical information has already ranged from learning how to split the atom 
with Dagwood, to the more erudite publications of several Nobel prize winners, 
does not show that the essentials of nucleonics are yet easily available. 


The great middle ground of nuclear science and technology is in fact still 
relatively unexplored and inadequately displayed. Many glowing accounts of 
the good to come with atomic energy have been written; many gloomy predic- 
tions have also been made. But there is a serious lack of solid how to informa- 
tion available. Responsible officials of industry and reputable scientists 
alike, who have had no occasion to receive the accolade of Q clearance from 
the Atomic Energy Commission, are under serious handicaps in attempting 
to share in the benefits of atomic energy. 


We are not here concerned with the properly classified restricted data as 
defined in the Atomic Energy Act. We are rather concerned with the inade- 
quate dissemination of declassified or unclassified matter and, more important 
still, with the balk of documents within the Commission that are declassifiable. 
That such documents exist in important measure is a logical corollary to the 
appointment of an ad hoc committee, by the Commission, to investigate and 
advise in this important field. 


The Atomic Energy Commission holds a tremendously important respon- 
bility for the dissemination of information. For as written in the Fifth Semi- 
annual Report of the AEC, “It carries the responsibility for determining what 
categories of information may be generally published and what categories 
must be limited in circulation in the interest both of control of information to 
safeguard the national defense and security and of dissemination to bring about 
scientific advance.” (Italics are the Editor’s.) 


The formal interpretation of this responsibility by the Commission and its 
contractors, as seen in practice, sometimes delays and sometimes prevents the 
publication of unclassified and declassified documents. Undue delay in the 
process of declassification has required articles to be rewritten. If the rewrit- 
ing is done by a scientist who has Q clearance, the presumption is that the 
rewrite must be declassified in turn. Rewriting by one who has not had 
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,-cess to recent data, not all of which are restricted data and properly classi- 
fed, will presumably introduce or fail to remove errors. 


The Commission is to be commended for the forward steps it has taken in 
taking available declassified information, and particularly for the appoint- 
ient of the ad hoc committee referred to above. It is especially gratifying to 

know that a number of editors and representatives of the professional societies 
will be Q-cleared. For it is the essence of editorial work that a selection must 
be made from all available and publishable matter; and the selection cannot 
he made intelligently unless all the available information is at hand for inspec- 
tion (in one way or another)—even though some of what is known cannot be 
published because of proper classification. 


The “bottled science” that is got out of books and from official handouts 
is necessary; but a certain amount of actual experience is required to make 
genuine knowledge. Even scientists themselves cannot report all they find 
but must select and summarize rationally. Editors, to whose desks come the 
papers of many scientists, require an ability to do these things and must put 
what is worth keeping into words or other symbols to make it communicable, 
not only to the peers of the author but to those who aspire to learn. Editors 
must then know the language of both author and reader. 


In the dissemination of technical information, persistency and repetition are 
important for suecess. A letter to Nature is followed by an article in the 
journal of some learned society, and that in turn by a monograph. The 
scientist who fails to read all the journals in his field may still note something 
of importance in the daily press—where the National Bureau of Standards 
first disclosed the latest accepted value for the ratio e/m for example. Physics 
Today reports that the blower fans at Brookhaven National Laboratory will use 
several thousand kilowatts at full load. One need not assume that these facts 
will appear once and be seen and remembered by all who want them; one may 
be sure that important facts will be published and republished until they are 
fully known. 


This account could not be complete in many times the two pages used. 
Brief mention must be made of the “information meetings,”’ generally closed 
to those without Q clearance from the AEC, used partially to compensate for 
scientists’ inability to present their papers before the regular meetings of the 
professional societies because of security. We also note with great interest the 
large number of competent ‘information specialists” and public relations men 
who have been added to the staffs of all large sources of scientific and technical 
information in the last few years. These men (and women) serve not only 
to assist editors but, and this is understandably and unfortunately sometimes 
necessary, to protect scientists and engineers from too frequent contact with 
the plethora of editors who descend when new things develop. 


With the great American physicist Rowland, “A hermit philosopher we can 
imagine might make many useful discoveries. Yet, if he keeps them to him- 
self, he can never claim to have benefited the world in any degree. His 
unpublished results are his private gain, but the world is no better off until he 
has made them known in language strong enough to call attention to them and 
to convince the world of their truth.” 
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Shielding From Nuclear Radiations 


Nuclear power plants being developed require the use of 
many tons of nonproductive materials in a shield for the pro- 
tection of personnel and equipment from radiation hazards. 
The many types of radiation emanating from a reactor make 
design of such shields quite complex. The author discusses 
basic considerations and nature of additional research needed 


By L. A. OHLINGER 


Northrop Aircraft, Inc., Northrop Field 
Hawthorne, California 


UNTIL RECENTLY, the design of shields 
to protect personnel and equipment 
from the effects of nuclear radiation was 
usually somewhat empirical. The ques- 
tion of optimum use of materials, as far 
as size and weight were concerned, was 
of secondary importance. 

This practice was not unreasonable in 
the case of the first nuclear reactors 
since they were stationary units with 
space for adequate shielding. How- 
ever, now, with nuclear energy being 
considered as a source of power for 
mobile power plants and with many 
additional stationary reactors being 
planned, the question of size and weight 
of shields has taken on added impor- 
tance. There is a great need for addi- 
tional studies and the accumulation of 
experimental data for the purposes of 
improving the efficiency of shields and 
reducing total weight of material used. 


RADIATIONS FROM FISSION 

In the fission process, the nucleus of 
an atom of material is disrupted by a 
force which splits it into two or more 
nuclei of two entirely different and 
lighter chemical elements called fission 
fragments or fission products. Each 
fission also releases several gamma 
quanta having energies in the neighbor- 


4 


hood of lto 5 Mev. These are referred 
to as primary gamma radiation. In 
addition, the fission fragments formed 
by the process are intensely radioactiv: 
and emit alpha, beta, and gamma rays, 
and protons, deuterons, and neutrons 
Since the fission fragments formed in a 
reactor may include a wide range of 
chemical elements, each decaying by 
any one of a number of processes into 
many other elements that are each 
radioactive, the radioactivity from 
these decaying fission fragments will 
cover a wide range of energies and decay 
periods. The radiation from these 
fission fragments are also primary pile 
radiations, but are called indirect pile 
radiations. Secondary pile radiations 
are those which are induced by the 
primary radiations in another material. 

The nuclear reactor contains vast 
numbers of neutrons of all energies 
ranging from that of fission to thermal 
energy. While these neutrons move 
around in the pile, they may collide 
with heavy elements that scatter them 
inelastically. Since this process excites 
the nucleus of the scattering element, it 
gives rise to gamma emission. In addi- 
tion, it is inevitable that some of the 
pile neutrons will be captured parasiti- 
cally in nonfissionable material and be 
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st from the chain reaction. Since 
he parasitic capture of these neutrons 
, almost any material in a pile results 
1 a radiative, or (n,y), process, this 
phenomenon gives rise to additional 
gamma radiation. Both of these types 
of additional gamma-ray production 
may be considered indirect but never- 
theless primary forms of pile radiation. 

It is also inevitable that some of the 
neutrons in a pile will reach the surface 
of the active section or the reflector and 
escape from the pile proper into the 
surrounding media. While it is signi- 
ficant that these neutrons are largely 
lost forever from the chain reaction, it 
is more significant from a_ shielding 
standpoint that they can induce nu- 
clear reactions that will give rise to 
radioactivity of various kinds. There- 
fore, these escaping neutrons must be 
considered as a radiation hazard because 
of the radiation they induce in other 
materials. And since these neutrons 
emanate only from the active section of 
the pile, they too may be considered a 
primary form of pile radiation. 


INTERACTION OF RADIATION 

WITH MATTER 

Charged Particles 

The heavy, charged particles—the 
alphas, protons, and deuterons—under- 
go only two important interactions 
with matter through which they pass— 
nuclear scattering and ionization or 
interaction with atomic electrons. The 
former produce atomic displacements 
in any but the very heavy elements, 
while the latter produce intense, specific 
ionization along the path of the alpha 
particle. However, the range of alpha 
particles, even in air, is only a few centi- 
meters while in most pile materials it is 
only a fraction of a millimeter, as may 
be seen from Fig. 1. 

Negative and positive electrons be- 
have similarly, and usually have such 
high kinetic energies that they must be 
treated relativistically. They can be 
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FiG. 1. Interaction of charged particles 
with matter 


seattered by both atomic electrons and 
atomic nuclei, with the latter effect 
predominating in the heavy elements. 
They can also interact inelastically to 
produce nuclear excitation, radiation, or 
ionization. The first interaction results 
in either gamma or neutron emission; 
the second in an emission of radiant 
energy such as X-rays or Bremsstrahl- 
ung; and the third in specifie ionization 
which is much smaller than that oceur- 
ring with the heavy, positively charged 
particles. The range of these electrons 
is appreciably greater than that of the 
heavier, charged particles, but. still 
amounts to less than a few centimeters 
in most pile materials (see Pig. 1). 


Gamma Radiation 


Gamma rays are a form of electro- 
magnetic radiation. These gamma 
quanta or photons may interact with 
matter in one of two ways—by nu- 
clear absorption or atomic scattering. 

Absorption in the nucleus has a very 
low probability of occurrence in almost 
any material, although there is a finite 








and measurable probability of a (y,n) 
reaction in both beryllium and deu- 
terium, either of which may be used in 
the pile proper. 

The other interactions or scattering 
processes are three in number. They 
depend largely upon the energy of the 
photons that are being scattered. 

Photoelectric effect. In this process, 
a single atomic electron receives all of 
the energy of the impinging photon and 
is ejected from the atom as a beta parti- 
cle with the gamma quantum disappear- 
ing. With increasing photon energy, 
the ejected beta particle increases in 
energy. However, as we have seen, 
even high energy betas are stopped by 
relatively small amounts of most pile 
materials. The photoelectric effect 
occurs largely in heavy elements and 
only at energies below about 1 Mev. 

Compton effect. In this process, an 
elastic collision occurs between the 
gamma quantum and a single electron. 
The electron need not be bound to an 
atom; it is generally considered as 
unbound. The incident gamma gives 
up a portion of its momentum and 
energy to the electron, which is stopped 
in a relatively short distance. The 
photon is scattered at an angle to its 
original path. With a reduced energy, 
it continues this scattering process until 
it escapes or is degraded in energy to the 
point where it is completely absorbed by 
the photoelectric effect. 

The probability of Compton scatter- 
ing decreases with energy and increases 
with electron density. The electron 


density increases slowly with increasing 
atomic number so that the heavies 
chemical elements have an electro 
density about 25 to 30% greater tha: 
that of the lightest elements. How 
ever, this change in density is sma 
enough that, for all practical purposes 
it may be considered the same for al! 
materials. Therefore, we may conside: 
the Compton effect to be independent 
of the type of material used for scatter- 
ing, with the reservation that the 
heavier atomic elements will giv 
slightly greater scattering than the 
lighter ones. The Compton effect is 
predominant in all materials below 
about 5 Mev. 

Pair production. Here the interac- 
tion is between the gamma quantum 
and the nucleus. As a result of this 
process, the gamma quantum dis- 
appears and is replaced by a negative 
electron and a positive electron (posi- 
tron). To conserve momentum as 
well as energy, the two particles proceed 
in opposite directions and each has a 
kinetic energy equal to the mass of an 
electron (0.51 Mey). 

Pair production cannot occur with 
gamma quanta at any energy less than 
1.02 Mev and is most significant with 
gammas of high energies and with 
heavy elements. In lead, pair produc- 
tion is as effective as the Compton 
scattering effect at a little below 5 Mev, 
whereas above this value the former 
elements _ lighter 
than lead, this effect does not become 
predominant until higher energies are 


predominates. In 





TABLE 1 


Interaction of Gamma Radiation with Matter 








Mode of interaction Interaction with Significant in 


Energy range 


Photoelectric effect atomic electron heavy elements below 1 Mev 


Compton effect unbound electron 


Pair production 


independent of material below 5 Mev 


above ~ 4.8 Mev 
above 10 Mev 


heavy elements 
light elements 


nucleus 
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reached. For example, in aluminum, 
the Compton scattering is still the 
predominating effect even at 10 Mev. 

In summary (see Table 1), gamma 
radiation of energies below about 1 Mev 
or above about 5 to 10 Mev ean, in 
interaction with the heavier elements, 
be annihilated and replaced by beta 
radiation which is relatively easy to 
stop. However, gamma radiation in 
the energy range of about 1 to 5 Mev is 
not annihilated by its interaction with 
matter; it is only scattered and de- 
graded in energy by the process. 
Therefore, such radiation must be 
scattered repeatedly until sufficient 
quanta have reached energies at which 
they can be absorbed by the photoelec- 
tric process, leaving a gamma-ray in- 
tensity within the permissible limits. 

Unfortunately, the larger portion of 
the gamma radiation from a nuclear 
reactor falls within the region in which 
Compton scattering is the predominant 
method of attenuation. The choice of 
shielding materials for reducing or 
attenuating the gamma radiation from 
a pile is thus largely a function of elec- 
tron density, not of specific materials. 

Of course, the heavier elements are 
preferable as gamma shielding materials 
because they have a slightly higher 
electron density than the lighter ele- 
ments and because they are more effec- 
tive in the attenuation of the high or 
low energy gammas interacting by the 
photoelectric and pair-production proc- 
esses. However, elements other than 
the heavy ones are almost as effective 
as the heavy ones in attenuating most 
of the gamma radiation from a nuclear 
chain reactor. 


Neutrons 
When neutrons interact with matter 
(see Table 2), they interact only with 
the nuclei and never with the electrons. 
They may undergo elastic scattering, or 
one of several different inelastic proc- 
esses which result in scattering, trans- 
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mutation or the release of radiant 
energy. In elastic scattering, it is a 
question whether the neutron actually 
enters the nucleus and is subsequently 
reejected or whether it merely collides 
elastically and rebounds. Whichever 
is the case, the results of the collision are 
those that would have occurred had the 
neutron and nucleus followed the exact 
laws of the elastic impact of rigid bodies. 
Therefore, energy and momentum are 
conserved, with the nucleus absorbing 
some fraction of the neutron’s energy 
depending upon the atomic weight of 
the nucleus. The lighter the element, 
the greater will be the average amount 
of energy lost at each collision of a 
neutron witha nucleus. Therefore, the 
light elements form the best group of 
materials for degrading the energy of 
neutrons by elastic scattering. 

In inelastic scattering, a neutron 
enters the nucleus of the struck atom 
and excites the nucleus by giving up 
part of its kinetic energy. This excita- 
tion results in the emission of one or 
more gamma quanta, which is one of the 
characteristics of the inelastic scattering 
process. Subsequently, a neutron (not 
necessarily the original one) is ejected 
from the nucleus at an energy much 
lower than that of the neutron which 
originally entered the nucleus. Since a 





TABLE 2 
Interaction of Neutrons with Matter 





Mode of 
interac- 
tion Significant in Energy range 
Elastic 
scattering light elements 
Inelastic 
scatter- 
ing, (n,n) heavy elements high energies 
(n,y) most materials low energies 
(n,p) light elements high energies 
(n,a) light elements high energies 
(n,2n) high energies 





7 





neutron enters the pucleus and a neu- 
tron leaves it, the process is referred to 
as an (n,n), or scattering, process. It is 
further characterized by the fact that 
it is one which occurs largely with 
neutrons of higher energies and results 
in large average losses in energy with 
each collision. This process is the pre- 
dominant one in heavy elements and is 
almost negligible in the light elements. 

The second type of inelastic process 
by which neutrons interact with matter 
is one in which the neutron is absorbed 
by the nucleus with which it collides, 
excites the nucleus, and remains to 
form a heavier isotope of the same 
chemical element. This process is 
called radiative capture or an (n,y) 
process and occurs mainly with neutrons 
of lower energies. 

The capture of a neutron by a 
nucleus may sometimes result in the 
emission of other particles or even in 
the emission of two neutrons. These 
reactions are more common among the 
lighter elements and are relatively in- 


frequent because of the high initial 


energy required in most cases. For ex- 
ample, the (n,p) reaction with N" is 
one of the few that can be initiated with 
thermal neutrons, but it has so low a 


probability of occurrence, that it is a 
relatively uncommon reaction in shield 
materials. Even at energies of about 
0.2 to 0.5 Mev, the probability of the 
occurrence of this reaction is quite low. 
Except for B'°, the (n,@) reaction also 
has a very low probability of occurrence. 
Here this reaction predominates, far 
outshadowing radiative capture in this 
material. In both the (n,p) and (n,q@ 
reactions, the nucleus absorbs the neu- 
tron and emits a positively charged 
heavy particle which can easily be 
stopped in very small amounts of almost 
any material. 

An (n,2n) reaction occurs only with 
high energy neutrons and has no parti- 
cular significance in shield materials 
except when beryllium is present. The 
reaction occurs in Be only with neutrons 
of energies greater than about 1.8 Mev. 
ven then, the probability of occurrence 
is small. 

The (n,f), or fission, reaction only 
occurs within the body of the pile and 
is not a process of significance to the 
radiation shielding, except insofar as it 
is the source of the radiation against 
which we must protect. 

The significant characteristics of 
radiation interactions with matter can 


Interlocking lead bricks used for laboratory shielding. Note scale 
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e summarized as ane, | Positively 
harged particles, such as alphas, pro- 
ons, and deuterons, are easily stopped 
n a short range, and they produce in- 
tense or high specific ionization along 
their paths; (2) beta particles have 
much longer ranges and are more pene- 
trating, and produce much lower specific 
ionization along their paths and are 
readily stopped; (3) gamma radiation 
is very penetrating but still produces 
ionization effects and is difficult to stop 
by any single process; (4) neutrons also 
constitute a very penetrating form of 
radiation (because they have no charge) 
and can induce other types of radio- 
activity which will produce ionization 
and other effects; and (5) neutrons not 
only induce radioactivity in other sub- 
stances but can cause transmutations. 


SOURCES OF PILE RADIATION 


Only the nuclear fuel fissions, and this 
occurs only in the active core of the pile. 


The direct primary gamma radiations 
produced have a variation in source 
density that corresponds roughly to 
that of the neutron density. The neu- 
tron density is generally greatest at or 
near the central section of the core and 
least near the periphery. Therefore, 
there is more of this direct primary 
gamma radiation produced at the 
center of the pile than at the edges. 
This radiation must traverse the bal- 
ance of the pile before escaping there- 
from to introduce a hazard to personnel 
and equipment. If the pile is large, 
some of this direct primary gamma 
radiation is absorbed within the pile 
material itself..fIn a small pile, there is 
so little mass between the center and the 
surface of the active section that little or 
no gamma radiation is absorbed therein. 
Hence, for the same operating level in a 
pile, the generalization might be made 
that the larger the pile the less will be 
the gamma leakage from it. 

While the nuclear fuel is in the pile, 
all of the fragments remain 
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fission 


within the body of the fuel except for 
the few fission recoils that escape from 
the fuel units into the surrounding 
media. Therefore, all of the radiation 
emanating from these fission fragments 
is produced in the fuel units in the 
active section of the pile. This means 
the short range radiation, such as the 
heavy charged particles and the beta 
rays, is stopped by the pile materials 
within a very short distance of its point 
of origin. Only the gammas that are 
released by the radioactive decay of 
these fission fragments produce any 
problem, and these behave exactly like 
the direct, fission-produced gammas 
previously described. 

Only when the nuclear fuel with its 
poisoning fission products is removed 
from the pile for processing do the radia- 
tions other than the gamma rays be- 
come significant. The fuel units must 
be handled by remote control in shielded 
containers or under carefully shielded 
conditions. The subsequent processing 
of the fuel to recover the unused fuel 
and to remove and possibly recover 
certain desirable radioactive isotopes 
releases varied types of radioactivity. 
Most of this processing must be per- 
formed remotely behind shielded bar- 
riers under carefully controlled condi- 
tions. Those products recovered must 
be stored in shielded containers, or 
behind shielding barriers, or at locations 
remote from any operating personnel or 
equipment. 

Their shipment to other geographical 
locations for application in research or 
industry entails the use of specially 
shielded containers that will not only 
protect the handling personnel but 
other sensitive shipments. For exam- 
ple, photographic film can be fogged by 
radiation. Therefore, proper shielding 
precautions must be taken in shipping. 

As for waste radioactive fission prod- 
ucts that are not recovered but are to be 
disposed of safely, the specific activity 
and the half-lives are controlling factors; 
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relatively short-lived radioactive mate- 
rials might be stored for short periods of 
time under properly shielded conditions 
or at remote locations so that the radio- 
activity would decay to a point that 
would allow normal chemical disposal 
of the materials. On the other hand, 
long-lived radioactive materials must 
be buried at remote locations under 
properly safeguarded conditions. 
Unfortunately, not all of the fission 
products which are to be disposed of as 
waste are solid or liquid and can. be 
handled as above. Some of these are 
gaseous and may be relatively long- 
lived. Gases require artifact storage 
rather than natural storage by burial. 
The former method of disposal entails 
the wasteful use of large quantities of 
storage facilities. To obviate this diffi- 
culty, the radioactive gaseous fission 
products released in the processing can 
be disposed of in small quantities, by 
first diluting them with large quantities 
of air, and then dispersing them from a 
stack high above the ground. The 
meteorological conditions at the site of 


dispersal control this type of disposal. 


SHIELDING CHARACTERISTICS 

Since most of the short range radia- 
tions from an operating pile are stopped 
within the pile and its reflector, the only 
radiations against which must 
shield to protect personnel and equip- 
ment are the long range, penetrating 
radiations—the gamma rays and neu- 
trons. As we have seen, the gamma 
radiation is attenuated largely by three 
processes which depend upon energy. 
Therefore, the gamma shielding must 
be designed to fit the energy spectrum 
of the emerging gammas. 

Most of the gamma radiation from a 
nuclear reactor is in the neighborhood 
of 1 to 5 Mev in which range most 
materials attenuate gammas largely by 
the Compton scattering process. Since 
this is a process depending mainly upon 
mass and very little upon the charac- 
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one 


teristics of a particular material, almost 
any material can be selected as far as 
gamma shielding goes, as long as the 
mass or sectional density of the shield- 
ing is sufficient to attenuate the inten- 
sity of the gamma radiation to the 
proper level. As we have seen, there is 
a slight preference for the heavier ele- 
ments for gamma shielding in general 
This preference is more important in 
the case of reactors intended for use in 
mobile power plants, where the total 
weight of shielding is of significance. 
The greater the volumetric density of 
the material chosen, the less will be the 
total weight of shielding required. In- 
creasing the shielding thickness to com- 
lighter material adds 
weight out of proportion to the thick- 
Of course, the larger the 
pile, the less this disproportionate addi- 


pensate for a 
ness added. 


tion in weight will be, but most mobile 
power reactors will be relatively small 
so that this effect will be more pro- 
nounced. In general, the shielding to 
be provided for gamma attenuation 
should be a heavy, dense element. 

Since the neutrons that escape from 
a pile have a wide energy spectrum, it is 
obvious that it will be difficult to obtain 
one single material to efficiently atten- 
uate the neutrons of all energies, espe- 
cially since the high energy neutrons 
have such a low probability of capture 
in any material. The best that can be 
done is to slow down these high energy 
neutrons to levels at which the prob- 
ability of capture in various materials 
is much greater. Therefore, one of the 
functions of a neutron shield will be the 
moderation of fast neutrons to reso- 
nance or thermal levels. 


ELEMENTAL SHIELD MATERIALS 


Of the light elements, hydrogen ranks 
high as a moderator not only because it 
is the lightest element known and de- 
grades the energy of the neutrons fast- 
est, but because it also has a relatively 


probability of absorbing low 
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ergy neutrons. Unfortunately, how- 
er, the capture of neutrons by hydro- 
yen is largely a radiative process, or 

y), reaction. This means that the 
absorption of neutrons gives rise to a 
new source of gamma radiation within 
the shielding material itself. Because 
this gamma radiation originates within 
the shield, it is secondary radiation. 

Among other light elements we find 
only nitrogen with a comparably high 
probability of elastic scattering, and a 
probability of neutron absorption 
slightly greater than hydrogen. How- 
ever, the increased weight of this par- 
nucleus means the neutron 
must undergo many more collisions 
than in hydrogen to be moderated to 
the same energy level. Nitrogen has 
an added advantage over hydrogen in 
that at least a part of the neutron ab- 
sorption will result in an (n,p) reaction 
of radiative capture. It is 
easier to stop the protons produced 
thereby than the gammas produced in 
an (n,y) reaction. 

Boron is one of the most interesting 
of the light elements that might be used 
for neutron shielding. It is interme- 
diate between hydrogen and nitrogen in 
the number of collisions required for 
equivalent moderation, but it has a 
much lower probability of elastic scat- 
tering than either of these two materials 
This might make it seem a less desirable 
material were it not for the fact that 
boron has a phenomenally high prob- 
ability of neutron absorption in the 
lower energy regions, varying from a 
maximum at thermal energy down to 
almost nothing at 104 ev. However, 
most of the neutron absorption is in the 
region below about 1,000 ev. 

The important characteristic about 
neutron absorption in boron, in addi- 
tion to its very high probability, is that 
it results largely in an (n,q@) reaction 
instead of radiative capture. Since 
the alphas from this reaction can be 
stopped by little more than a sheet of 
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instead 


tissue, it is clear why this type of 
neutron absorption is far preferable to 
that in an (n,y) reaction. Therefore, 
of all the light elements that might be 
used as potential shielding materials 
for moderating fast neutrons, boron 
should be used. 

Once the neutrons have been slowed 
down to resonance or thermal energies, 
it is simply a question of capturing 
them in materials having a very high 
probability of neutron absorption. 
Unfortunately, with the possible excep- 
tion of boron and nitrogen (to some ex- 
tent), the absorption of neutrons in any 
material results in an (n,¥) reaction 
that makes the shielding material a new 
source of gamma radiation. 

We have indicated that 
moderation can be achieved by inelastic 
scattering with nuclei of heavy ele- 
ments. This has the advantage that 
these same heavy elements can serve as 

amma shielding. The process of in- 
elastic scattering also results in the 
emission of gamma radiation so that 
moderation by this method would in- 
troduce another source of secondary 
gamma radiation within the shield 
itself. Even then, this process is not 
effective at low energies, so that other 
materials must take over the further 
moderation and absorption of neutrons 
after the heavy element’s work is done. 


SHIELDING DESIGN 

We see that the shielding for a pile 
has several different functional charac- 
teristics that are not compatible. A 
shield for any reactor must almost in- 
evitably be a combination of several 
components, each with suitable charac- 
teristics for attenuating a certain type 
or phase of radiation. 

The intensity and energy spectrum of 
secondary gamma quanta produced in 
a radiation shield is still largely un- 
known because so little research has 
been performed in determining the in- . 
elastic scattering properties for various 
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materials over a wide energy range. 
Probably the most extensive work re- 
ported to date on this subject is that of 
Barschall, et al.* 
extensive data on a wider range of 
materials through a wider range of 


However, far more 


energies must be determined experi- 
mentally before this effect can be prop- 
erly incorporated into analytical shield- 
ing design. Another group of data 
that must be determined experimentally 
is the individual and total absorption 
curves over the entire energy spectrum 
for gamma radiation attenuated in 
various materials by the three processes 
applicable. In connection with the 
determination of this data, an impor- 
tant effect to be isolated and measured 
is the polarizing effect of various mate- 
rials on gamma radiation of various 
energies. 


ANALYTICAL TECHNIQUES 


The attenuation of gamma radiation 
through a shield can be readily traced 


through one or two scatterings in a 
fomogeneous medium. 


However, it 
becomes quite complex, from an analy- 
tical standpoint, when the shielding 
thickness becomes large in terms of 
mean free paths or when the shield is 
made up of a heterogeneous mixture of 
several actual 
gamma transmission problem through 
thick shields is one which is quite diffi- 
cult to approach from an analytical 
standpoint. Generally, the analytical 
solutions are 


components. The 


based on a “good” 
geometry and approximations whose 
validity are open to debate. A straight 
exponential decay through the shield is 
usually 
geometry ignored. 


assumed and the ‘‘poor”’ 
The gamma trans- 
mission problem is sufficiently complex 
when the attenuation of the pile- 
produced gamma radiation transmitted 
through the shield thickness is deter- 
mined. It is not difficult to visualize 


* MDDC-452 (LADC-297). 
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the greater complexity of analyzing t! 
attenuation of secondary gamma radi 
tion when we consider that it is pro- 
duced throughout the entire shield wit 
wide ranges of energy, density, an 
direction. 

If little is known about the gamm 
transmission through thick shields, even 
less is known about the neutron trans- 
mission. Neutrons undergo elastic and 
inelastic scattering, and radiative and 
product 
secondary gamma radiation in som: 
Their 
scattering is largely isotropic with low 
energy neutrons and anisotropic with 
neutrons. Their 
mean free path for various processes in 


nonradiative capture, and 


processes and not in others. 


the higher energy 


the various shielding components varies 
with the energy and with the materia! 
so that the isotropy of scattering com- 
plicates the analytical tracing of a 
neutron’s history because a neutron 
may pass back and forth several times 
through various lavers or sections of the 
shielding components before the neu- 
tron is absorbed in or escapes from the 
shield. 

In some cases, the moderating process 
may even serve to reflect some of the 
neutrons that would otherwise escape 
from the pile, right back into the reactor 
to improve the efficiency of the chain 
reaction. Therefore, this effect must 
also be considered in the choice and 
design of the radiation shield around a 
pile. The very complexity of the 
neutron diffusion through a radiation 
shield makes the analytical problem an 
imposing one. 


REDUCING THE SHIELDING 

Up to this point, it has been implied 
that the shield must be sufficiently 
effective to continuously protect per- 
sonnel and equipment located close to 
the outer face of the reactor. Actually, 
this need not be the case. Several 
factors might be applied to reduce the 
total thickness of the massive and non- 
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nluetive piece of equipment used as 

pile shield. For example complete 
yoteection by a 100% opaque shield 
would reduce the intensity of escaping 
radiation of all types to a level such 
that an operator working eight hours a 
day adjacent to this shield would not 
receive more than 0.1 roentgen during 
his working day. 

If we accept the premise that larger 
doses can be received in shorter periods, 
providing the total irradiation over a 
longer period does not exceed the maxi- 
mum permissible, then the level of 
intensity of escaping radiation can be 
increased if the working time of the 
operators is decreased. 


SHADOW SHIELDING 

Another method for reducing the 
total weight of shielding around a 
reactor might be utilized in cases in 
which the position of the personnel and 
equipment to be protected will always 
be the same relative to the pile. The 
shield would, in effect, throw a shadow 
of protection on the operating person- 
nel, as indicated in Fig. 2. Hence, this 
has been referred to as ‘‘shadow”’ 
shielding. On the sides of the reactor 
away from the personnel, the radiation 
shielding would not have to be as thick 
as the direct shield because the radia- 
tion escaping therefrom would have to 
be seattered at least once by the sur- 
rounding media before it could reach 
the observers around the edge of the 
direct shadow shield. 
multiple seattering would probably 
occur, reducing the energy of the radia- 
tion and increasing the probability of 
its being absorbed before reaching the 


In most cases, 


observers. 

On the end of the reactor away from 
radiation would be 
emitted in a direction exactly opposite 
to that of the personnel to be protected 
so that this shield might be made even 
thinner without reducing its effective- 
ness. Radiation escaping through its 
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FIG. 2. Shadow shielding 


surface would have to be scattered more 
than once, for the most part, to reach 
the observer around the edge of the 
direct shadow shield. Singly scattered 
radiation could leak around the edge of 
the shadow shield, but its path would 
be so great that attenuation would still 
be obtained by the increased distance. 

It is recognized that the direct 
shadow shield does not provide abso- 
lute protection for the observer located 
within its shadow because radiation 
bevond the cone of its protection can 
still be singly or multiply scattered 
around its edges and reach the ob- 
servers. In principle, therefore, such 
shadow shielding provides a means of 
reducing the total thickness of shielding 
over a large portion of the shielding 
area, but the amount of this reduction 
depends upon the single and multiple 
scattering of the escaping radiation in 
the media surrounding the shield. 


SUMMARY OF SHIELD MATERIALS 


As we have seen, almost any material 
will stop the heavy, charged particles, 
while a small amount of most materials 
will stop beta radiation. Therefore, 
almost anything that will satisfactorily 
attenuate gamma and neutron radiation 
will be certain to stop any other attend- 
ant radiation. 

For attenuating gamma _ radiation 
from a reactor, almost any material 
is satisfactory as long as there is enough 
of it. Therefore, we must first consider 
whether the pile is to be mobile or 
stationary and what the most effective 
materials will be for neutron attenua- 
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tion. In a stationary reactor, the size 
and weight of the shield are of little 
significance and may be chosen in the 
best interests of other factors, such as 
the economics of the reactor housing 
and of the shielding materials. 

It has been indicated that hydrogen 
is an excellent neutron shielding mate- 
rial if there is sufficient extra shielding 
to absorb the secondary gamma radia- 
tion produced by the use of this mate- 
rial. Therefore, we might use ordinary 
water as a shield because it is inexpen- 
sive, plentiful, easy to handle, and so 
much is known about its properties. 
Another advantage of 
fluidity, which means that the material 


water is its 


can be circulated at will to carry away 
the heat generated within the shield by 
the attenuation of radiation and to 
carry away any products of decomposi- 
tion. Since neutron radiation will de- 
compose any compound molecule, it is 
inevitable that at 


least some of this 


shielding material would be decom- 
posed into its gaseous components dur- 
ing its operation as a radiation shield. 
With flexible material, the 
problem of disposing of these gaseous 
elements would present little difficulty. 


Since boron is such a desirable mate- 


such a 


rial in any pile shield, it could readily 
be introduced into the water in the form 
of a soluble boron compound. The 
result of this addition would be to 
reduce the over-all thickness of the 
water shield necessary for protecting 
the pile. 
added to the water shield, such as pel- 


Other materials might be 


lets of iron or other heavy elements, to 
improve the attenuation of the gamma 
radiation. Such additions might fur- 
ther reduce the total shield thickness. 

Another relatively inexpensive hy- 
drogenous shield is ordinary concrete. 
It has good structural properties, and 
might have other aggregates added to 
improve its shielding properties. 

For radiation shields around mobile 
reactors, a prime criterion is the total 
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weight of the shielding material. 
indicated previously, the more den 
the material and the heavier the el 
ment, in general, the more efficient and 
the lighter will be the total weight o! 
the radiation shield. The heavy ele- 
ments improve the gamma attenuation 
and aid in moderating the neutrons 
Accordingly, at least a portion of th 
shield should undoubtedly be made o} 
some heavier material having desirabl 
nuclear properties. For example, lead 
is effective as a gamma attenuator, but 
ineffectual with 
Materials like gold and wolfram ar 


very neutrons. 

far more desirable as heavy shielding 
materials. Since gold, platinum, and 
the elements like hafnium, os- 
mium, etc., are expensive and not too 


rarer 


abundant, the choice of heavy elements 
is almost restricted to wolfram, tanta- 
lum, mercury, and their compounds 
Of these, wolfram is the most abundant 
material and probably the most promis- 
ing because of its physical properties 
As an element or in compounds, it is 
very refractory, so that it will be useful 
in shields high temperature 
piles. However, whereas its gamma 
attentuating properties and neutron 
moderation are good, its capture of 
neutrons is relatively low and _ its 
secondary gamma production relatively 


around 


high, so that it undoubtedly requires 
the addition of other materials for any 


practical pile shield. Boron or hydro- 
gen would be the logical addition here. 

Iron is another potential shielding 
material that is interesting because of 
its relative abundance, inexpensiveness, 
and nuclear properties, even though the 
probability of scattering and capture of 
neutrons by this material is not too 
great and the atomic weight of the 
material is not too high. 

Allin all, the range of practical shield- 
ing materials is not very great. Water 
or concrete, with the possible addition 
of a boron compound and/or iron, is 
the most common for large shields that 
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re stationary. Mobile shields are 
ilmost limited to tungsten or possibly 
ron with the addition of boron and 


iydrogen in some form. 


COOLING THE SHIELD 

Several percent of the total energy 
released in a pile may be absorbed in 
the radiation shield in attenuating the 
escaping radiation. Since this attenua- 
tion is roughly exponential through the 
shield thickness, the largest part of the 
heat produced in the shield originates in 
the first few inches of the shield nearest 
the core. The unequal production of 
heat in a reactor shield may cause un- 
equal expansion and bad thermal 
gradients unless means are provided for 


removing this heat. Therefore, most 


pile shields require some cooling, at 


least near the inner face. 

Two separate shields could be pro- 
vided because of this unequal distribu- 
tion of heat. The inner, or ‘‘thermal,”’ 
shield would usually be thinner, absorb 
most of the heat, and be specially 
cooled. It would be the purpose of the 
thicker or outer shield to absorb the 
balance of the radiation and bring it 
down to permissible levels. The small 
amount of heat produced in this portion 
of the shield could be dissipated by 
conduction to the outer surface and 
thence by convection. 

Such a division of shielding functions 
is not at all obligatory and may prove to 
have more objections than advantages 
in many eaSes. However, whether the 
arrangement be a homogeneous mixture 
of shielding materials or a heterogeneous 
arrangement of layers, some cooling will 
generally be required, with the greatest 
amount of heat being carried away 
from the inner portions of the shield. 


SHIELDING OF RADIOISOTOPES 
Radiation shielding for attenuating 
the radiation from exposed nuclear fuel, 
fission products, or separated radio- 
active isotopes, is simpler in conception 
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because there is no neutron emission 


from these materials. Since adequate 
gamma protection also insures adequate 
protection against the other forms of 
radiation, the problem becomes one of 
simply protecting against the escape of 
gamma radiation in amounts and inten- 
sities above those prescribed. 


CONCLUSIONS 

Because radiation is an_ insidious 
hazard, a simple act of providing what 
is thought to be adequate shielding is 
not sufficient protection for operating 
personnel and equipment, but it must 
be augmented by proper monitoring 
and detecting equipment. 

There are many experimental data 
that must be determined before the 
problem of radiation shielding can be 
reduced to a reasonably exact science 
and may be predicted by analytical 
design. Inelastic scattering properties 
over the entire energy spectra of various 
materials, correlations between ‘‘poor’”’ 
and ‘“‘good’”’ geometries, diffusion pat- 
terns and behavior of neutrons in thin 
and thick shields, the effects of hetero- 
geneous arrangements vs. homogeneous 
arrangements of these patterns, the 
transmission of gamma _ radiation 
through thick shields, the secondary 
gamma production in shielding, and a 
wider knowledge of the effects of radia- 
tion on living as well as inanimate 
matter are some of the major problems 
facing the workers in this field. The 
pursuit of these phases of investigation 
will involve many side issues, such as 
instrument research and development, 
improvement in the experimental tech- 
niques and interpretation of results, 
the development of new research facili- 
ties for pursuing these studies, the 
accurate determination of neutron and 
gamma spectra of radiation emerging 
from various types of reactors, and a 
vast program of development and 
research in the shielding materials 
themselves. END 
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NUCLEAR MOMENTS 


Conceptual difficulties occur in science when the object 
under discussion is either very small or very large in compari- 


son to the dimensions of the observer. 


Fruitful concepts are 


especially needed at this time in the nuclear sciences. A 
number of such concepts are examined in this paper in relation 
to experimental evidence derived from recent observations 


By FRANCIS BITTER 


Department of Physics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 


THE FACTUAL INFORMATION now avail- 
able regarding individual nuclei is very 
slight compared to similar data on 
atoms. This is so for two reasons. 
New experimental methods are needed 
to facilitate the process of making ob- 
servations, and more time is needed to 
apply the known methods to the known 
nuclei. The amount of detail that we 
can be sure of in our description of 
nuclei is, however, increasing rapidly, 
and it is therefore of particular interest 
to consider the terms in which we may 
eventually hope to describe nuclear 
states, and how our current observa- 
tions fit into the larger picture. 


Nuclear States 

First the terms to be used in a descrip- 
tion must be discussed. Macroscopic 
objects such as balls, for instance, may 
be described in terms of color, size, 
weight, texture, bounciness, etc. Some 
of these concepts do not apply to atoms. 
We need a new set of symbols—particu- 
larly wave-functions—in order to de- 
scribe atoms. Is there perhaps a simi- 
lar gap between atoms and nuclei? 
Apparently not. A new set of ideas 
may eventually be needed to describe 
the elementary particles of nature in 
detail, but so far as we know, the best 
means now available for describing the 
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properties of small aggregates of ele- 
mentary particles are wave-functions, 
and wave-functions are applicable to all 
kinds of aggregates. Although this is 
not a new idea to the reader, it may be 
worth a brief review. 

Wave-functions representing atoms 
or nuclei can no doubt achieve almost 
any arbitrary degree of complexity. 
For most purposes, however, it is 
sufficient to note their similarity or dis- 
similarity to the simplest solutions of 
the Schrédinger equation for the hydro- 
gen atom, or to simple combinations 
of these functions. The fundamental 
shapes are the sphere (corresponding to 
states with no resultant orbital angular 
momentum), the doughnut (for states 
with one unit of orbital angular momen- 
tum along the axis), and the dumbbell 
or two touching spheres (for another 
state with no resultant angular momen- 
tum). These shapes are illustrated in 
Fig. 1. The spherically symmetrical 
S-wave-functions have one characteris- 
tic that does not show on the diagram 
They have their maximum density at 
the center, which the other two P-wave- 
functions do not. 

The main feature of a wave-function 
is that it is not an orbit, in the sense of a 
classical circular orbit in a two-body 
problem, for instance. In the course of 
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ieir existence, particles described by 
, wave-function visit all points of space 
vith varying probability. Any 
particle of a group may be thought of as 
ving sometimes here, sometimes there, 
noving sometimes fast, sometimes 
slowly; more particularly, it may 
happen sometimes that it is moving in 
a manner describable by an S-wave- 
function, and then again by other 
wave-functions. 

Detail of this kind is known for 
atomic electrons, but it is important to 
nuclear physics because, first of all, it 
makes possible the calculation of the 
electric and magnetic fields at all points, 
the nucleus. These 


one 


particularly at 


fields exert torques on the nucleus which 
are, in general, very large compared to 
the torques that we can exert by means 
of laboratory equipment, and which, 
consequently, are crucial in our study 


of nuclear moments. Secondly, it is in 
terms of wave-functions that we shall 
eventually describe nuclei themselves. 

There is no principle which says that 
we cannot know as much detail about 
nuclei as we do about atoms. It merely 
seems more difficult at present, because 
our spectroscopes do not work for 
gamma rays. 

This geometrical description of nu- 
clear states must be supplemented by 
two other descriptions: 

One description is in terms of a set of 


quantum numbers, of which those deal- 
ing with angular momentum are espe- 
cially important to us. In particular, 
it should be remembered that angular 
momentum is measured in units h/2r, 
h being Planck’s constant, and that the 
resultant angular momentum quantum 
number, often rather confusingly called 
the nuclear “‘spin’’ /, is composed of 
orbital angular momentum, resulting 
from the orbital motion of the particles 
in the nucleus, and spin angular mo- 
mentum, resulting from their spinning 
motion about an axis through their 
center of mass. Nuclei having even 
numbers of protons and neutrons tend 
to have zero resultant angular momen- 
tum (without exception as present ob- 
servations go). It is, therefore, a 
plausible simplification to think of the 
angular momentum of other nuclei as 
being due to the odd particle only, and 
to write the resultant angular momen- 
tum in this form: 
I=lts 

where / is an integer and, for all but the 
so-called odd-odd nuclei (containing an 
odd number of protons and an odd 
number of neutrons), s equals 4 for the 
single odd proton or odd neutron. The 
case J] = | + 1s is illustrated in Fig. 2. 

The final description is in terms of the 
more directly observable electric and 
magnetic moments. These quantities 
can, of course, be calculated from wave- 





(a) 
n =1,1 =0,m «0 








(6) 


n=2,1 =1,m =0 


(c) 


n=2,l =1,m = +41 











FIG 1. 
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Schematic representation of a hydrogen atom in its two lowest energy levels 
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FIG. 2. The orientation of orbital and 
spin angular momentum to produce 
jzlt+s 
functions and, if directly measured, can 
be used to estimate the plausibility of 
this or that nuclear model. 
involved in such a process are neces- 


The steps 
I 


sarily complex, and it is astonishing 
that in spite of this, a great deal can be 
concluded with considerable certainty. 

The observation that must be made 
is the difference in energy corresponding 
to various orientations of a nucleus in 
the field to which it is exposed. Sucha 
difference in energy must then be inter- 
preted as being due, for example, to the 
product of nuclear magnetic moment 
and local magnetic field 

AE ~ pHoc 

and some way must be found to caleu- 
late, measure, or eliminate Hijo. from 
the above before any inference can be 
drawn regarding the nuclear quantity 
pw. And while the value of the mag- 
netic dipole moment is valuable, its 
determination is not the only end of 
magnetic measurements. A given di- 
pole moment may be produced, for 


example, by a large current in a small 


loop or a small current in a large loop, 
The magnetic moment of a charge e 
moving in a circular orbit of radius r 
with an angular velocity w is 
p~™~ er*w 
To check a wave function, it would be 
desirable to know not only the product 
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r?w, but also something about r and 
separately. To do this it is necessar 
to produce a magnetic field which varies 
appreciably over nuclear dimension 
for example, one that is stronger at th: 
center than near the nuclear surfac: 
Fields varying in this way are produced 
by the extra-nuclear electrons, and w: 
therefore have the possibility of explor- 
ing the inner magnetic structure of 
nuclei, which we shall consider i: 
greater detail below. 

A similar discussion may be applied 
toelectric quadrupole moments. These 
are determined by both the size and the 
ellipticity of the distribution of nuclear 
charge. The observable quantity is the 
difference in energy corresponding to 
different orientations of the nucleus in 
an electric field having a gradient. To 
determine the quadrupole moment Q, 
it is necessary to calculate, measure or 
eliminate this gradient. To conclude 
something about the departure from 
spherical symmetry, it is necessary also 
to know something about nuclear size 


Determination of Nuclear Moments 

The key to recent developments in 
the measurement of nuclear moments 
is resonance. The nucleus and its sur- 
rounding electrons form a complex sys- 
tem of gyroscopes that is characterized 
by a series of frequencies to which it 
responds selectively, like a musical 
instrument. 

The accuracy with which such reso- 
nant or natural frequencies may be 
measured depends, of course, on their 
ringing time, or the number of oscilla- 
tions that the system will make after 
being stimulated before the amplitude 
is too small to detect. The ringing 
time, or relaxation time associated with 
nuclear vibrations, is very long, because 
the small nuclear moments provide only 
a feeble coupling with other degrees of 
freedom. 

To make real headway in nuclear 
physics through the measurement of 
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suclear moments it is necessary (a) to 
nake a very small 
number of atoms, as many interesting 


observations on 


nuclei are not available in quantity, 
ind (b) to make observations with great 
accuracy so that the interesting detail 
sketched in the previous section may 
be revealed. 

Both of these requirements are being 
met to a very remarkable degree. Ex- 
periments have been performed with 
less than 10° atoms, and measurements 
have been made that are reliable to 
almost one part in a million. And the 
techniques are still in their infancy so 
that further improvements are to be 
expected. 

The detail 
nuclear moments is not 


involved in measuring 
of sufficient 
importance to warrant review in this 
The general principles will 
be mentioned briefly. An atom in a 
state whose electronic resultant angular 
momentum is J and whose nuclear spin 
is J will have a resultant angular mo- 
mentum F, the maximum value of F 
being 7 + J. A knowledge of Pinas and 
J suffices to determine /. 

In paramagnetic atoms or ions for 
which the resultant electronic angular 
momentum is not zero, there will be an 
electronic magnetic moment and, con- 
magnetic field at the 
The energy of the atom as a 
whole in any one state will depend on 
the mutual orientation of J and J. 
The energy differences (in frequency 
units AE/h) between states having 
various initial orientations are called 
the hyperfine structure, or urs Ap’s. 
The magnitude of these separations 
depends of course on the magnetic and 
electrostatic interaction energies men- 
tioned above, and the computation of 
moments from these energies involves 
a knowledge of the fields. 

No forces other than the classical 
electric and magnetic forces have so far 
had to be assumed between electrons 
on the one hand, and either protons or 
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discussion. 


sequently, a 
nucleus. 


neutrons on the other, to account 
for observed effects, in spite of the 
great precision of the 
observations. 

The most accurate determination of 
nuclear magnetic moments is made by 
placing the nucleus in question in a 
diamagnetic ion, atom, or molecule. 
An externally applied and indepen- 
dently measurable field produces a 
Zeeman effect due to the space quanti- 
zation of the nucleus itself, and the 
resonance frequency to be measured is 
simply the frequency of the Larmor 
precession of the nucleus in the applied 
field. There is a slight diamagnetic 
shielding at any nuclear position due to 
the surrounding atomic electrons. The 
magnetic effects of extra-nuclear elec- 
trons in para and diamagnetic atoms 
are illustrated in Figs. 3 and 4. 

In diamagnetic atoms the total 
energy difference between the extremes 
of parallel and anti-parallel orientation 
of the nuclear moment in the externally 
applied field is 2uH, and this is divided 
by 2/7 + 1 levels into 2/ steps whose 
magnitudes are 24H/2/. The reso- 
nance condition for this level spacing is 
therefore 

AE = hv = pH /I 


If we express w in nuclear magnetons 


experimental 


=m-—— = m 
’ 4nrM yc ™ 


(where Mp, is the mass of the proton) 
and place m/I = g (the nuclear g-fac- 
tor), then the resonance condition may 
be expressed in its usual form 


H (1) 


w = 2ny 


= e 
~ 9 2Myc 
In principle, it is possible to measure 
the resonant frequencies by hitting the 
nuclei to be disturbed with an electro- 
magnetic pulse of some kind and tuning 
in on their emission frequencies. This 


has not yet been done. It has so far 
been found preferable to subject the 
atoms to forced electromagnetic oscilla- 
tions, in the field of a coil or loop in an 
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FIG. 3. The magnetic field at the 
nucleus of paramagnetic alkali atoms in 
various states * 























0.001% - - 

° 20 4 60 80 
FIG. 4. Diamagnetic shielding of the 
nucleus due to the atomic electrons, 
plotted in percent reduction of the applied 
field as a function of the atomic number 





r-f circuit, for instance, and to observe 
resonance by means of the selective 


response either of the atom or the field- 
producing circuit. 

In the original atomic or molecular 
beam version of the experiment,f the 
particles under investigation are fired 


through an inhomogeneous magnetic 
field in which they are deflected by an 
amount depending on the orientation 
of their magnetic moment. If the par- 
ticles, on their way to the inhomogene- 
ous field, are reoriented by the resonance 
absorption of energy from an r-f circuit, 
the resonance condition can be detected 
as a change in their trajectory. In the 
more recently developed methodsf{ in 
which the atoms to be investigated are 


* H. Kopfermann, “‘ Kernmomente,"’ page 22 
(published in the public interest by authority 
of the Alien Property Custodian by J. W. 
Edwards, Ann Arbor, Mich., 1945). 


+ I. Rabi, 8. Millman, P. Kush, J. Zacharias 
Phys. Rev. 65, 526 (1939). 

t F. Bloch, Phys. Rev. 70, 460 (1946); also 
E. M. Purcell, W. Bloembergen, R. V. Pound, 
Phys. Rev. 70, 988 (1946). 
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in the form of a gaseous, liquid, or 
solid core of an r-f coil, the resonance 
condition is detected as a change in the 
impedance of the coil. 

Each of these methods has its distinct 
advantages for certain types of measure- 
ments. For example, the atomic beam 
method can be used for measurements 
with very few nuclei, and for this reason 
it alone has produced information on 

adioactive nuclei. On the other hand 

the most precise measurements of 
nuclear magnetic moments have so far 
been made using liquid samples. 

Two other methods for determining 
nuclear moments must at least be 
mentioned but will not be discussed in 
detail. The first is optical spectros- 
copy, Which was historically the first 
method in the field and has produced 
a great deal of information still not 
available from other sources. In addi- 
tion to the hyperfine structure discussed 
above, which can be resolved optically 
only if it is very pronounced, there is a 
nuclear mass effect that is observable 


October, 1949 - NUCLEONICS 








nly for very light atoms, and an effect 
due to the finite volume in which the 
nuclear charge is spread out. 

Both of the latter effects produce a 
shift in the frequency of the character- 
istic radiations of various isotopes, and 
can in principle be used to measure 
nuclear masses and sizes, but other and 
much more satisfactory methods are 
available for measuring these quanti- 
ties. A special case of the above is the 
use of microwave rotational spectra of 
polar molecules (instead of optical 
spectra of atoms) to determine nuclear 
properties. This important branch of 
spectroscopy has produced much valu- 
able information, but is too specialized 
and complex for analysis at this point. 

Finally, there is the angular correla- 
tion* of successively emitted gamma- 
ray quanta which can be used to obtain 
information on the angular momentum 
of excited states of nuclei. The radia- 
tion from a nucleus having a symmetry 
axis will in general not be perfectly 
isotropic, and if nuclei could be lined 
up in space, the symmetry of the 
emitted radiation pattern could be made 
to vield information about the nucleus. 
The required nuclear alignment is at 
present unattainable,f but when a 
nucleus emits two gamma-ray quanta 
in sufficiently rapid succession so that 
there is no appreciable reorientation 
between the emission of the first and 
second quanta, the direction of emission 
of the first quantum can be used to esti- 
mate the most probable orientation of 
the nucleus, and the distribution of 
angular deviation between the first and 
second quanta produces the desired 
information. The practicability of this 
method has only recently been demon- 
strated; some aspects of the results are 
not yet quantitatively accounted for. 


*D. Hamilton, Phys. Rev. 68, 122 (1940); 
also E. L. Brady, Jr., and M. Deutsch, Phys. 
Rev. 74, 1541 (1948). 

t Very low temperatures and stron 
fields will no doubt eventually make nuclear 
alignment possible. 


magnetic 
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Nuclear Angular Momentum, or Spin 

The most obvious pattern which has 
been observed as a result of measure- 
ment of nuclear spin is that in every 
ease nuclei with an even mass number 
have an integral spin, and nuclei with 
an odd mass number have half-integral 
spin, and this in turn leads to the very 
firmly established conclusion that nuclei 
are composed of protons and neutrons 
rather than protons and electrons. 

A further observation is that in no 
case has there been evidence of a nucleus 
with an even number of protons and an 
even number of neutrons having a spin 
different from zero. This is often 
generalized to the point of assuming 
that all even-even nuclei have J = 0. 
This must surely be wrong, at least for 
excited states, since all states of a 
nucleus will not have the same value of 
J. But there is at least a strong ten- 
dency for stable even-even nuclei to 
have zero angular momentum in the 
ground state. A careful review of even- 
even nuclei with the best available 
techniques to check the degree of 
validity of this statement would be 
highly desirable. 

Another most promising line of inves- 
tigation, but one requiring a further 
development of present experimental 
techniques, is the measurement of 
angular momentum in nuclei having 
isomeric states. The long lifetimes 
indicate that the transitions are to some 
extent forbidden, or that the selection 
rules for electric dipole radiation are not 
satisfied. Such a condition would exist, 
for example, in an excited nucleus 
having a spin markedly different from 
the spin of the ground state. The cor- 
relation of change in / with gamma-ray 
energy and decay constant would 
probably throw considerable light on 
various aspects of nuclear structure. 

As has already been mentioned, the 
angular correlation technique is applic- 
able to excited states with short life- 
times. Results obtained indicate that 
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Ni®, Mg**, Ti*®, and Ba!®4 have excited 
states which have angular momenta dif- 
fering from those of neighboring states, 
probably by two units of h/2r. The 
evidence is not conclusive, but  per- 
fectly reasonable in the light of other 
considerations. 

And finally there is the great mass of 
nuclei to be considered. 
The facts regarding the spin of long- 


radioactive 


lived nuclei unstable with respect to 
beta decay are beginning to come to 
light. 
knowledge in this field. 

The assignment of zero spin values in 


Table 1 summarizes our current 


this table, when given as (0), indicates 
that the assignment is made on the 
basis of even-even nuclei. Whenever 
gamma rays are present, the decay is 
presumably to an excited state of the 
daughter product, and no firm con- 
clusion can be drawn as to the spin 
change in the beta-disintegration itself. 
It should be noted that the only case 
listed for which AJ = 0, namely the 
decay of S*5, the half-life is exceptionally 
short. This is qualitatively what one 
would expect for electromagnetic radia- 
tion, namely, a short lifetime for excited 


states decaying with small spin change 

It may, therefore, be taken as support- 
ing the idea of a rough similarity be- 
tween the creation of quanta, and the 
creation of electron-neutrino pairs. 


Nuclear Magnetic Moments 


Just as the first beginnings of a 
pattern are beginning to become visible 
in relating nuclear spins to nuclear 
structure, so we are beginning to collect 
enough information about nuclear mag- 
netic moments to form the outlines of a 
few ideas. The subject is still, how- 
ever, in the fascinating stage in which 
we know just enough to sense that there 
is something interesting around the 
next corner. ‘ 

To begin with, for the theoretically 
inclined, there is the magnitude of the 
magnetic moment of the proton and of 
the neutron to be explained. For elec- 
trons we have Dirac’s set of equations, 
which, in addition to describing other 
aspects of electronic problems, lead to 
an electron with a spin of only 4, but 
a magnetic moment nevertheless of one 


full Bohr unit. Protons and neutrons 





TABLE 1 


Nuclear Spins and Beta Decay 


Parent nucleus 


iH ‘ He 
«Be'® .B?® 
sC'4 sN!4 
1.Na®? : 1K Ne®? 
i685 17Cl*® 
336 
Crs bel 
18- 
igKk*? 290Ca*? 
2; Rb* 3, gsSr? 
ssCd''3 agIn'!3 
agIn!'5 9% soSn!ts 
531'?9 5aXxe!?9 
ssCs!*5 ssBa!*5 


. ssBa!3? 


ssCs' 7 


Daughter nucleus 


y-rays Half-life in years 
No 12 
No 10° 
No 5 x 10 
Yes 3 
0.24 
2 x 10° 
Yes 10° 
Yes 6 x 10'° 
No rr) 
No x 
long 
2.5 x 10 
Yes 37 
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FIG. 5. The magnetic moments of light 


nuclei 


are, however, qualitatively different 
entities and there is no theory that at 
present accounts for the fact that they 
have spins of 44, but magnetic moments 
of almost but not exactly +3 and —2 
nuclear units, respectively. 

As has already been said, nuclei 
behave to a first approximation, as 
though their magnetic properties were 
attributable to the behavior of the odd 
particle. Even-even nuclei, having no 
odd particle, and with J = 0, have also 
no magnetic moment. The very light- 
est nuclei fit into this sort of deseription, 
as shown in Fig. 5. The magnetic 
moment of the triton is very closely 
equal to that of the proton, its odd par- 
ticle. Since the spin of the triton is 
lg, we must therefore assume that the 
odd proton is in an S-state with no 
orbital angular momentum; similarly 
for eHe®? whose magnetic moment is 
closely that of the neutron, and ,H?, 
with two odd particles, whose magnetic 
moment is very closely the algebraic 
sum of the proton and neutron mo- 
ments. In each case, we obtain an 
approximate check with experiment on 
the assumption that the odd particles 
are in S-states with no orbital angular 
momentum. The agreement is, how- 
ever, not exact. In the next section 
these discrepancies are discussed further. 

Turning now to more complex nuclei, 
we again find a justification for assum- 
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ing to a first approximation that the 
magnetic properties are due primarily 
to the odd particle. Neglecting the 
intrinsic spin of the odd particle itself 
for the time being, we should expect the 
magnetic moment of nuclei with an odd 
number of protons to be proportional 
to the angular momentum, or to follow 
the solid line in Fig. 6a. For nuclei 
with an odd number of neutrons the 
magnetic moment would be zero regard- 
less of the angular momentum, since 
there is no moving charge to produce a 
field. 

The effect of adding the intrinsic spin 
and magnetic moment of the odd par- 
ticle can be estimated. Since the spin 
of the odd particle is 14, the resultant 
angular momentum becomes 

T=Il+ 4 (2) 
depending on how the spin is coupled 
to the orbital momentum. The correct 
quantum mechanical computation of 
the corresponding resultant magnetic 
moments leads to results not far from 
those arrived at intuitively. The in- 
trinsic proton moment contributes 
almost 3 nuclear magnetons to the total 
nuclear magnetic moment, but on 19 
unit of angular momentum. Repre- 
sentative points in Fig. 6a may, there- 
fore, be expected to lie above or below 
the solid 45° line depending on the 
appropriate sign in Eq. 2. The experi- 
mental observations support the gen- 
eral trend indicated. 

As a consequence of the above analy- 
sis it is possible to assign an orbital 
quantum number to a nuclear particle, 
but it is clear that such a concept is not 
rigorously applicable, and may be quite 
misleading if improperly used. The 
nature of the difficulties in the way of a 
more precise theory of nuclear moments 
is indicated in the discussion of the 
deuteron in the next section. 

The discussion so far has made use of 
only approximate values of nuclear 
moments. Extremely accurate values 
of the ratios of the moments of isotopic 


23 





pairs of nuclei are made possible, first, 
by the long ringing times of many 
nuclei in diamagnetic liquids and, 
second, by the circumstance that, in 
view of the definition of resonance in 
Eq. 1, the desired ratio for an isotopic 
pair A and B can be expressed in the 
form 
BA 14 wa He Qo 
MB 5 Tews Haiu 
_ Tawa 
~ [pop 
Experimental results so far obtained 
confirm the theoretical expectation 
that, to within the currently obtain- 
able accuracy of a few parts in 105, 
HBt0c) = Hato) for an isotopic pair, 
and the moment ratio is therefore given 
in terms of an 
measurable frequency ratio. 
The precise determination of ua/pus 


sasily and accurately 


is of interest because it enters into the 
theoretical expression for another ac- 
curately measurable quantity, the HFs 
Av’s. For the sake of definiteness, let 
us consider a specific case, that of the 


proton and deuteron. The magnetic 








moment ratio can be obtained from 

knowledge of the spins of these tw 

particles, and the ratio of their resonant 
frequencies in water, for example, or j 

liquid hydrogen, both of which a: 

diamagnetic. A hydrogen atom in it 
ground state, however, is paramagneti: 

In spite of the fact that the electron is 
in an S-state with no orbital angula: 
momentum, the electronic spin gives 
this state a moment equal to one Boh: 
magneton. The hydrogen atom as a 
whole can exist in two states having a 
resultant angular momentum, F = 1, 
if the proton and electron spins are 
parallel, and F = 0 if they are anti- 
parallel, and the difference in energy 
between these two states, or the HFs 
Av, depends in a precisely calculable 
way on the nuclear moment, the elec- 
tronic moment, the quantum numbers 
J, I and F, and the square of the elec- 
tronic W-function at the nucleus, 
written V2(0). In this calculation the 
treated as a point. The 
electronic V-function is, in general, not 
accurately known, and the above result 
is useful only to calculate ¥2(0). For 
an isotopic pair, however, we may write 


nucleus is 


FIG. 6. Magnetic moments of nuclei 

with an odd number of protons or neu- 

trons, plotted as a function of the angular 
momentum / 
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TABLE 2 


Nuclear Moment Ratios of Isotopic Pairs 
The experimental uncertainty is probably no greater than one unit in the last place.) 


H? 
Isotopic pair iii 
30701 
30706 

1 


True moment ratio 


Caleulated ratio (Eq. 4) 


\ngular momentum ratio 


T1208 
Ties 
1.270; 2.033 1.0099 
1.2706 2.026 1.0097 
a5 3, lg 


35 hy ly 


Rb”? 
Rb** 


Ga?! 


Ga®® 





Ava _ ,, Ha Va*(0) 

Ava MB Wp?(0) 
and since it is known that the electronic 
V-funetions are very little influenced 
by the addition of neutrons to the 
nucleus, it is tempting to write 


(3) 


Ava _ Gta (4) 
Avp MB 
( is a readily calculable constant that 
need not concern us further. Eq. 4 is, 
however, not generally valid, as may 
be seen from the experimental results 
in Table 2. 

This shows the importance of the 
newly available precision in making 
such measurements. The discrepancies 
for hydrogen and rubidium are small 
but real, and their interpretation is most 
interesting. It is this step from Eq. 3 
to 4 that must be further scrutinized. 

The behavior of the electronic V-func- 
tion in the vicinity of the nucleus is 
shown in Fig. 7. If the nucleus is 
assumed to be a point charge, the 
V-function has a sharp maximum at the 
origin. If the finite size of the nucleus 
is taken into account, there is a flat 
maximum. The addition of neutrons 
does change the nuclear size and, there- 
fore, V2(0) very slightly, but this effect 
can be neglected because it is too small 
to account for the observed discrepan- 
cies. But it is not enough that the 
electronic wave-functions should be 
the same for the two isotopes. We 
must also demand that the distribution 
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of nuclear magnetization be the same 
if we are to assume that interaction 
energies depend on the magnitude of 
the moments alone. 

This we can perhaps safely do for 
isotopic pairs like Tl or Ga which have 
the same nuclear spin and almost identi- 
cal moments, but not necessarily for 
hydrogen or rubidium which have dif- 
ferent spins, different moments, and, 
therefore, also rather different wave- 
functions for the particles responsible 
for the magnetic properties. In the 
case of rubidium, the isotopes fall well 
above and below the solid line in 
Fig. 6a and have proton spins that are 


y? 


> 





re r 





FIG. 7. Behavior of an electronic S-type 
wave-function in vicinity of nucleus 





parallel and anti-parallel to the result- 
ant moment, as well as different prob- 
able J values for the orbital momentum. 

A more thorough analysis of this 
situation indicates that the observed 
discrepancies can be accounted for 
quantitatively with assumptions about 
nuclear structure that fit in with many 
other considerations. It appears that 
we really have here the beginnings of a 
method for getting at the inner con- 
struction of nuclei. There are many 
more such isotopic pairs that can and un- 
doubtedly shortly will be investigated. 


Nuclear Electric Quadrupole Moments 

A final description of nuclei is in 
terms of size and shape of the region 
within which the nuclear charge is dis- 
tributed. This is usually expressed in 
terms of the quadrupole moment 


2 


as 1 [ ose — r)dv = Z2(3z2 — 5 
; 


) 


where p = electrical charge density) 
which measures a combination of size 
and shape and determines the energy 
required to rotate the nucleus in an 
field having a gradient. A 
more pictorial quantity is the ellipticity 
€. If the distribution to be represented 
is an ellipsoid of revolution having a 
2b in the direction of the 
symmetry axis, and 2a at right angles 


electric 


dimension 


to this axis, we may write 
‘ 
2 

Q = =Z(b? a’) 
5 


_b=—@ § @ 
““b+a 8ZRe 
For a pencil, € = 1, for a sphere € = 0, 
and for a penny € = —1. 

In atomic theory, quadrupole mo- 
ments are not considered because they 
produce insignificant effects compared 
to the electric dipole moments that 
characterize electrically polarized struc- 
They 
"#8, Fernbach, R. Serber, and T. B. Taylor, 

». 75, 1352 (1949). 
tSee H. A. Bethe, “Elementary Nuclear 


y’’ (John Wiley & Sons, Inc., New York, 
1947), for further discussion and references. 
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tures. are, however, readily 





TABLE 3 
Nuclear Electric Symmetry 





Nucleus I Q 
x 107*4em? 
156 0.05 
792 -—0.15 
234 0.15 
17 0.035 
0.09 
—0.005 


13A1?7 

i7Chs 
iGa®® 

115 
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calculable. with nu- 
clear quantities, the quadrupole mo- 
ments and ellipticities of the three 
hydrogen wave-functions illustrated in 
Fig. 1 are tabulated below 

l=0 m 

Q=0 

e=0 

l=1 m = 

Q = 0.68 X 107! em? 

e=3.8 

l=1 m= +1 

Q = —0.34 XK 107% cm’? 
e= -1.9 

Relatively few nuclear electric quad- 
rupole moments have been measured 
Representative results for some of these 
are given in Table 3. Ellipticities are 
calculated on the assumption that the 
mean radius is given by R = 1.37 
x 10-13 em X A*® (where A” is the 
cube root of the mass number).* 

The use to which such data may even- 
tually be put is illustrated in the case 
of the deuteron.f Central forces de- 
pending only on the neutron-proton 
separation can account for many of the 
observed properties of the deuteron, but 
not for the fact that the ground state is 
almost, but not quite, a pure S-state, 
with no orbital angular momentum 
Such an S-state is spherically symmetri- 
cal and has no quadrupole moment, and 
the resultant magnetic moment is due 

(Continued on page 41 
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Users of Isotopes—Il 


[N A SUPPLEMENT to the Sixth Semiannual Report of the Atomic Energy Commis- 


sion to Congress, Paul C. 


Aebersold, Chief of the Isotopes Division, Oak Ridge 


Operations, submitted, among other informative facts and figures, lists of domestic 


users of both stable and radioisotopes and foreign users of radioisotopes. 


In the 


September Nucteontcs, the list of domestic users of radioisotopes was published. 
The list which follows is that of domestic users of stable isotopes [divided by state, 
institution, city, and (in italies) the department(s) of the institution] and foreign 
users of radioisotopes (divided by country, institution, and city). 


DOMESTIC USERS OF STABLE ISOTOPES 
(May 1, 1947 to June 30, 1949) 


Alabama 
Alabama Polytechnic Institute, Auburn 
Physics 
California 
University of California, Berkeley 
Chemistry, Medical Physics, Poultry Hus- 
bandry, Radiation Laboratory 
University of California, Los Angeles 
Chemistry, Physics 
California Institute of Technology, Pasadena 
Chemistry, Kellogg Radiation Laboratory, 
Physics 
Consolidated Engineering Corporation, Pasa- 
dena 
National Technical Laboratories, South Pasa- 
dena 
Pasadena City College, Pasadena 
Chemistry 
Shell Development Company, Emeryville 
Physics 
University of Southern California, Los Angeles 
Biochemistry, Chemistry, Physics 
Stanford University, Stanford 
Biology, Chemistry, Physics 
Stuart Oxygen Company, San Francisco 
Heavy Water Department 
Union Oil Company, Wilmington 
Research 
Colorado 
University of Colorado, Boulder 
Chemistry 
University of Denver, Denver 
Physics 
Connecticut 
University of Connecticut, Storrs 
Chemistry 
Yale University, New Haven 
Botany, Chemistry, Physiological Chemistry, 
Physics 
Yale University School of Medicine, New Haven 
Internal Medicine, Microbiology 


Delaware 
The Biochemical Research Foundation, Newark 


Physics 
District of Columbia 
Carnegie Institution of Washington, Depart- 
ment of Terrestrial Magnetism, Washington 
Biophysics 
Catholic University of America, Washington 
Chemistry 
National Bureau of Standards, U. S. Depart- 
ment of Commerce, Washington 
Mass Spectrometry, Microwave Standards 
Section, X-Ray Section 
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National Research Council, Washington 
edical Sciences 
Naval Research Laboratory, Washington 
Sound Division, Crystal Section 


Georgia 
Emory University, Emory University 
hysics 
Illinois 
Armour Research Foundation, Chicago 
Researc 
Bradley University, Peoria 
Chemistry, Physics 
University of Chicago, Chicago 
tochemistry, Chemistry, 
Nuclear Studies, Physics 
University of Illinois, Urbana 
Chemistry, Physics 
Illinois Institute of Technology, Chicago 
hysics 
Illinois State Water Survey, Urbana 
Northwestern University, Evanston 
Chemistry 
Radiation Counter Laboratories, Inc., Chicago 


Institute for 


Indiana 
Eli Lilly and Company, Indianapolis 
Chemistry 
Indiana University, Bloomington 
Physics 
University of Notre Dame, Notre Dame 


ysics 

Purdue University, Lafayette 
Chemistry, Physics 

Sinclair Refining Company, East Chicago 
Research and Development 

Standard Oil Company, Whiting 
Research 

Nancy Wood Counter Laboratory, Chesterton 


Iowa 
State University of Iowa, Iowa City 
Chemistry, Physics 
Kansas 
University of Kansas, Lawrence 
Chemistry, Physics 
Louisiana 


Louisiana State University, Baton Rouge 
Chemistry 
Tulane University, School of Medicine, New 


Tulane Univ ersity, New Orleans 
hysics 








RADIOISOTOPE SHIPMENTS TO DOMESTIC USERS 
August 2, 1946—June 30, I949 
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STABLE ISOTOPE SHIPMENTS TO DOMESTIC USERS 
May 21, |1947—June 30, 1949 
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RADIOISOTOPE SHIPMENTS TO FOREIGN USERS 
September 5, 1947-June 30, 1949 























Number of shipments 








[ ] [ ] [ ] | eens | i. z=. = = | 
P32 113i Cl4 $35 Fe55- Co60 Ca45 Sr 89- Other 
59 90 

















October, 1949 - NUCLEONICS 








Maryland 


my Chemical Center, Chemical Corps, 
Frederick 
Research and Development 
ohns Hopkins University, Baltimore 
Chemistry, Physics 
johns Hopkins University, School of Medicine, 
Baltimore 
Medicine 
johns Hopkins University, Silver Spring 
Applied Physics 
niversity of Maryland, 
Baltimore 
Pharmacology 
National Institutes of Health, 
Physiology 


School of Medicine, 


Bethesda 


Massachusetts 
Harvard University, Cambridge 
Chemistry, Physics 
Harvard University Medical School, 
Biochemistry, Surgery 
High Voltage Engineering Corp., 
Massachusetts Institute of Technology, 
bridge 


Boston 


Cambridge 
Cam- 


Chemistry, Electrical Engineering, Elec- 
tronics, Food Technology, Physics, Re- 
search, Spectroscopy Laboratory 

Metal Hydrides, Inc., Beverly 

Chemical Research 
National Research Corporation, Cambridge 
lracerlab, Inc., Boston 


Michigan 
Dow Chemical Company, Midland 
Spectroscopy Laboratory 
Ethyl Corporation, Detroit 
Research 
University of Michigan, Ann Arbor 
Physics 
Michigan State College, Lansing 
Chemistry, Physics 
Upjohn Company. Kalamazoo 
esearch 


Minnesota 
University of Minnesota, Minneapolis 
Botany, Chemistry, Physics, Surgery, Farm 


Missouri 
Washington University, St. Louis 
"hemistry, Physics 
Washington University, 
St. Louis 
Biological Chemistry 


of Medicine, 


School 


Montana 
Montana State University, Missoula 
Physics 
Western Foundation for 
Great Falls 
Metabolic Unit 


Clinical Research, 


New Jersey 
Bell Telephone Laboratories, Inc., Murray Hill 
Merck and Company, Inc., Rahway 
Chemical Research, Organic and Biochemi- 
cal Research, Physical and Inorganic 
Research, Research and Development 
‘Laboratory 
Princeton University, Princeton 
hemical Engineering, Chemistry, Physics 
Rutgers University, New Brunswick 
Physics 
Schering Corporation, Bloomfield 
Standard Oil Development Company, 
Research Division 
Vickers, Inc., Red Bank 
Otto Saslaw Laboratory 
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Elizabeth 


New York 


Allied “ae mical and Dye Corporation, 
York City 
Brooklyn College, Brooklyn 
hemistry 
University of “Buffalo, Buffalo 
edicine 
City College of New York, New York City 
hemistry 
Columbia University, New York City 
Biochemistry, Chemistry, Physics 
Columbia University, College of Physicians and 
Surgeons, New York City 
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SCINTILLATION COUNTERS 


Considerable work has been done on scintillation counters 


during the past several years. 


The authors review the research 


on many types of phosphors and developments in the design 


of photomultiplier tubes. 


They also describe their scintilla- 


tion spectrometer for measuring beta- and gamma-ray spectra 


By W. H. JORDAN and P. R. BELL 


Oak Ridge National Laborctory 


Oak Ridge, 


THE pDETECTION of alpha particles by 
scintillation phosphors dates back to 
Rutherford. 
the counting of the flashes by the eve 


Crookes and However, 
was slow and tedious so that spinthari- 
scopes were abandoned in favor of 
Geiger and proportional counters. The 
development of modern photomultiplier 
tubes made possible the detection of the 
light flashes by electronic methods. 

Blau and Dreyfus (/) used a 
ZnS screen and photomultiplier. They 
showed that the current increased as 
an alpha particle emitter was brought 
near the screen and that this could be 
used as a measure of the radiation in- 
tensity. Coltmian and Marshall (2) 
and Kallmann (3) showed that the indi- 
vidual light flashes could be detected 
with good efficiency. Kallmann also 
stated that naphthalene was _ trans- 
parent to its own radiation and could 
be used to detect beta and gamma rays 
efficiently. It was this latter announce- 
ment that sent workers in this country 
scurrying to their laboratories. Deutsch 
(4) confirmed and extended Kallmann’s 
observations; and Bell (5) showed that 
anthracene gave larger light flashes than 
naphthalene. 

Shortly thereafter many laboratories 
started investigating the properties of 
scintillation counters. In the summer 
of 1948 a conference was held at the 
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University of Rochester to discuss 
and compare scintillation and crystal 
counters.* During the past vear the 
technique of scintillation counting has 
been considerably advanced and the 
applications to nuclear research have 
become widespread. A second con- 
ference, devoted only to scintillation 
counters, was held in June at Oak Ridge 
Although this article was inspired by 
the papers presented at the conference, 
a somewhat broader picture of the 
present state of the art is presented. 


Phosphors 
A great deal of research has gone into 
In traversing 
the phosphor, the particle to be detected 


finding good phosphors. 


loses its energy in exciting and ionizing 
the molecules of the crystal. These mole- 
cules then radiate energy in the form of 
light, some of which is collected on the 
photocathode of the multiplier tube. 
It is desirable to have a large fraction 
of the energy lost by the particle con- 
verted into light energy. Kallmann (6) 
calls this the physical efficiency of the 
phosphor. The radiated light should 
be largely concentrated in the region of 
maximum spectral sensitivity of the 


* The subject of crystal counters was recently 
reviewed by Hofstadter (14). 
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TABLE 1 


Properties of Luminescent Materials (7) 








Expended 
W ave- Energy yield energy in 
length soft Transparency Emission volts / photon 
(A.U.) a OY X-ray  (mg/em?*) time (sec) a ¥7(8) 
ZnS-Ag 4500 0.28 0 14 0.20 80 1 x 10° 10 20 
ZnS-Cu 5200 0.25 0.22 0.30 200 1.5 x 10 9.6 10.5 
(dS-Ag 7600 0.23 ‘very good” 10-4 7.5 10 
ZnS, CdS-Cu +5900 0.12 8O 4x 10° 16 
ZnS, ZnSe-Ag 0.12 80 15 x10°° 17 
ZnSiOwMn 0.035 O.11 0 OS 100 70 21 
ZnO 0.020 110 
CdB,O; 0.018 105 
CaWO. 0.017 0.08 0.04 100 6 x lO’ 160 34 
MgegWO, 4900 0.017 100 2x 10 145 
KBr-Tl 3600 0.017) 0.07 “completely 200 49 
transparent” 
Diphenyl 3850 0.010 0.075 0.025 ~ lo 320 40 
Phenanthrene 4500 0.006 0.11 480 25 
Naphthalene 3850 0.003 0.05 0.008 (1 gm/em*) <5 kK 10° 960 64 





phototube, and be emitted in a short 
time interval to permit high counting 
rates and good coincidence resolution. 
It is further required that the radiated 
photons not be absorbed in the phos- 
phor; the fraction of the photons that 
get out is referred to as the technical 
Finally, for gamma-ray de- 
tection, the erystal should have a high 
density and be composed of elements of 
high atomic number. Since no one 
phosphor has all of these properties, one 
must choose a phosphor for the problem 
at hand. 

Table 1, taken largely from Kall- 
mann (7), gives the conversion efficiency 
of some phosphors. Activated ZnS ap- 
proaches the ideal efficiency, requiring 
only 9 ev per photon. This corre- 
sponds to a physical efficiency of ap- 
proximately 27%. On the other hand, 
the decay time is long, about 10 psec, 
and it is fairly opaque in thicknesses 
greater than about 80 mg/cm?. Since 
the range of an alpha particle is less 
than 10 mg/em?, this phosphor is widely 
used for alpha-particle detection. It is 
also suitable for low-energy proton de- 
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efliciency. 


tection, as shown by Tollestrup (8). 
Because of its opaqueness in layers 
thicker than 80 mg cm?, it is not suita- 
ble as a gamma- or beta-ray detector. 
For this purpose one requires a phos- 
phor that does not absorb the light 
quanta. Good, clear crystals of anthra- 
cene, for example, are almost com- 
pletely transparent even in layers several 
centimeters thick. A large number of 
organic phosphors are now known 
which have this property (6, 9, 10, 11), 
as well as several inorganic compounds 
(12, 13), such as Nal(Tl), fluorite and 
scheelite. 

It is difficult to survey the published 
data and decide which phosphors have 
the highest efficiency. Some investi- 
gators have made measurements on 
powdered crystals, others on single 
crystals. Absolute efficiency measure- 
ments are rare; usually the phosphor is 
compared to anthracene or naphthalene. 
The question of purity and reproduci- 
bility always arises. A small amount 
of impurity in anthracene reduces its 
efficiency drastically. It has been re- 
ported that naphthalene from which 


31 








all the anthracene has been removed 
Kallmann disputes 
this but states that as little as 1% of 
anthracene in naphthalene is sufficient 
to greatly increase the output and 
change the emitted spectrum from that 
of naphthalene to anthracene. He also 
states that powdered naphthalene has a 
higher physical efficiency than a solid 
On the 
other hand, the technical efficiency is 


does not count. 


crystal of the same material. 


somewhat poorer because of the large 
number of reflections which increase the 
length of the path the light has to 
travel. We compared powdered and 
solid anthracene and found that the 
pulses from the solid samples were much 
larger. This probably only indicates 
that the powdered anthracene samples 
used are not perfectly transparent to 
the light emitted. 

We compared solid samples of 
many transparent phosphors and found 
that thallium-activated sodium iodide, 
Nal(Tl), gave two times larger pulses 
was the 


and most 


converter of all. 


than anthracene* 
efficient beta-ray 
Naphthalene pulses are about one third 
as large as anthracene pulses at room 
temperature. When the phosphor and 
1P21 multiplier are cooled with liquid 
nitrogen, the anthracene pulses increase 
in amplitude by about 60%, and the 
naphthalene pulses are even larger than 
those from anthracene. Recent obser- 
vations by M. Goodrich have shown 
that when a 1P28 multiplier is used, 
the anthracene pulses are constant in 
height between liquid nitrogen and 
room temperature. The earlier results 
can be accounted for by a change in 
the spectrum of the light emitted by the 
phosphor or by a change in the trans- 
mission of the envelope of the 1P21. 
Evidence for the latter was observed. 
Gittings, et al. (10), compared pow- 
dered samples of organic phosphors 
* Hofstadter (13) reports the NaI(T1) pulses 
are five times larger than those from anthracene. 


This may be a result of differences in the purity 
of the anthracene. 


32 


under radiation from gamma ravs 
When a 1P21 photomultiplier was us -d, 
they found stilbene, naphthalene, «n- 
thracene and fluorene all gave good 
response and rated them in the order 
named. With a 1P28, which is sensi- 
tive to the ultraviolet, the order was 
stilbene, anthracene, naphthalene, flio- 
rene and diphenyl. It is difficult to 
understand why naphthalene, which 
emits shorter wavelengths than anthra- 
cene, shows up better than anthracene 
with the 1P21 and poorer with the 
1P28. Schillinger, et al. (11), believe 
that chrysene has as high an efficiency 
as anthracene and may be better from 
the standpoint of ease of growing erys- 
tals, although they had not grown large 
crystals at the time of publication. 


Decay Time of Phosphors 

One of the advantages of using scin- 
tillation counters is the short resolving 
time that may be obtained; how short 
depends upon the time required for the 
light to be emitted by the phospho: 
The ideal phosphor would emit all of 
the light immediately after the passage 
of the ionizing particles. No 
phosphor has as yet been found, but 


such 


many are so fast that electronic tech- 
hard 
measure them. The light appears to 
decay exponentially with time following 
the passage of a fast electron as the 
ionizing particle. Some of the meas- 
ured decay times are given in Tables | 
and 2. Phenanthrene and stilbene are 
very fast; indeed, the pulses from all 
the organic substances so far measured 
are less than 0.1 ysec. The inorganic 
phosphors all have decay times longer 
than 0.1 psec, and some may require 
hundreds of microseconds. The case of 
scheelite (CaWO,) isin dispute. Gillete 
(7) reports a fast decay (0.3 usec) fol- 
lowed by a long, low tail. We have 
observed only a slow decay with a time 
constant of about 10 usec. In view of 
the importance of this phosphor for 
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TABLE 2 


Wavelength of light emitted and time required for light flash to decay to 1 /¢ for various 
transparent phosphors 


(Measurements at room temperature except where starred.) 


Phosphor 





Naphthalene 3450 (15), 3850 (6) 
Anthracene 
Phenanthrene 


Stilbene 


4100, 4300 (15), 4500 (6) 
4080, 4200 (15) 


Nal(Tl) 4100 (14) 
KI(TI) 4000 (15) 
CaFl 


Fluoranthene 
Scheelite 
Fluorene 


Wavelength in A.U. oi 


4440 (15), 4120, 4440, 4720 (16) 


Decay time in psec 


0.070 (19), 0.057* (20) 

0.035 (19), 0.01* (19), 0.013* (20) 
0.009* (20), 0.008 (19) 

< 0.01 (19) 

0.25 (13) 

long > 100 

0.15t (18) 

0.06 (19) 

0.3 to 10 (7) 

0.02 (19) 


* Phosphor at liquid nitrogen temperature. 
+t Phosphor at dry ice temperature. 





gamma-ray counting, further measure- 
ments are badly needed. A fast decay 
followed by a slow decay has been 
observed by Wouters in anthracene 
bombarded by very high energy protons. 


Proportionality 
use of scintillation 
is the measurement of the 
amount of energy lost by ionizing 
particles in penetrating the phosphor. 
The question arises as to whether the 
amount of light emitted is proportional 
to particle energy. We have observed 
that a 5-Mev alpha particle in anthra- 
cene gives a much smaller pulse than a 
i-Mev beta particle. That this is true 
for most organic phosphors is apparent 
from Kallmann’s data, Table 1. He 
interprets this as a saturation effect 
resulting from the high density of 
ionization along the alpha-particle path. 
Surface effects may also play some part. 
Nevertheless it is still desirable that a 
2-Mev beta particle would produce 
twice as much light as a 1-Mev beta 
particle. It almost surely would if 
there were no change in ionization den- 
sity along the path. 

We have used scintillation counters 
to measure beta-ray spectra and gamma- 
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An important 
counters 


ray energies with good accuracy. From 
this we infer that the light output must 
be proportional to the particle energy 
over the range of 100 kev to 3.5 Mev. 
Measurements with monochromatic 
electron beams are now being made. 


Comparison of Phosphors 

We have shown that there is no one 
phosphor that meets all requirements. 
However, the possibilities abound for 
finding new and better phosphors. 

For alpha-particle counting the acti- 
vated ZnS phosphors are efficient, 
readily available and easy to use. On 
the other hand, they give very slow 
pulses. 

Anthracene is perhaps the most 
widely used phosphor, particularly for 
beta- and gamma-ray detection. It 
can be grown in large, clear crystals 
from the melt. A two-region oven is 
used, the top region being held at a 
temperature slightly above the melting 
point of anthracene, the bottom region 
a few degrees below. Several hundred 
grams of highly purified anthracene* 
are placed in a sealed-off glass tube, 
2% in. in diameter. The bottom of the 


* Now available from Reilly Tar and, Chem- 
ical Co. 





tube has a conical section several inches 
long, ending in a cylindrical appendix 
14 in. in diameter and some 2 in. long. 
The flask is suspended in the top region 
until the anthracene is melted and then 
lowered slowly (one inch in 40 hours) 
into the lower region. By this time, 
the erystal is solidified. The tempera- 
the then 
lowered over a period of two to three 


ture of oven is gradually 
days. 

Anthracene does not have as high a 
physical efficiency as NalI(T]) but it is 
Nal has the further disadvan- 
tage of being hygroscopic so that it must 
be left in the quartz tube in which it 


faster. 


grows, or otherwise protected from the 
atmosphere. This limits its usefulness 
somewhat for beta-ray 
but its relatively high 
atomic number give it a much greater 


spectroscopy, 
density and 
sensitivity per unit volume of crystal 
for gamma-ray detection. When phos- 
phor decay time is of prime impor- 
Phen- 


anthrene has a short decay time but 


tance, stilbene is recommended. 


tends to grow in fine needles instead of 
clear single crystals and gives small 
pulses. 

The tungstate phosphors deserve con- 
sideration for X-ray and gamma-ray 
detection when short resolving times 
required. They high 
density and high atomic number and 
are chemically inert. On the other 
hand, they are difficult to grow and 
have a high refractive index which 
makes it difficult to get the light out. 
Also the pulses are smaller than for 


are not have 


anthracene and of much longer duration. 


Neutron Detectors 

The situation with regard to neutron 
detection leaves much to be desired. 
Fast neutrons from a Po-Be source can 
be detected with fair efficiency (15%) 
with anthracene crystals by observation 
of the recoil protons in the phosphor (4). 
Unfortunately gamma rays are usually 
associated with fast neutron beams and 
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are detected with about the same eff 
ciency as the neutrons; hence it is neces 
sary to resort to absorption means t 
distinguish between the gamma ravy- 
and the neutrons. 

To detect 
parent phosphor containing a conside: 
able lithium 
necessary. 


slow neutrons, a trans 


fraction of boron or 
The alpha particles pro 
duced by the capture of neutrons in B 
or Li® produce light flashes which ea) 
be detected by the photomultiplier 
The crystal should be thick enough to 
absorb a large fraction of the neutrons 
This amounts to some 25 mg cm? of 
normal boron for neutrons of therma! 
energy (0.025 ev). Since the neutron 
capture cross section of boron varies 
inversely as the neutron velocity, the 
crystal would have to be 100 times 
thicker to detect 250-ev neutrons with 
equal efficiency. Hofstadter (2/) 


tried to produce such phosphors without 


has 
notable success. A fused mass of boric 
acid and zine sulfide (Ag) detected slow 
with an efficiency of 1% 
Farmer, Moore and Goodman report 
(22) an efficiency of 9.5% for thermal 
neutrons, using LiF phosphor—un- 
fortunately cooling of multiplier and 


neutrons 


phosphor was required because of the 
small pulse sizes. 

Since no good phosphors have been 
intermediate 
neutrons, another approach has been 
tried by Duckworth (23) in England 
Hofstadter (21). The neutrons 
absorbed in a thick slab of 


discovered for slow and 


and 
are first 
boron, cadmium, or mercury and the 
capture gamma rays detected with a 
scintillation counter. Due to the high 
efficiency of the scintillation counter for 


gamma rays, reasonably high efficien- 


cies for neutron detection have been 
obtained in this manner. 

Wouters (7) has reported that no 
phosphor is needed to detect very fast 
neutrons. In this case a recoil nucleus 
in the cathode of the photomultiplier 
causes sufficient local heating to boil off 
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several 
milli-microseconds. 


Light Collection 

The problem of getting the light from 
an extended phosphor onto the photo- 
surface of the multiplier without losing 
a large fraction of the photons is not 
iJways an easy one to solve. It is par- 
ticularly difficult with the 931-A type 
tubes, but the availability of the 5819 
formerly C-7132) has improved the 
situation greatly, for in this tube the 
photocathode is a thin film of metal on 
the inside surface of the glass envelope. 
By placing the crystal in contact with 
the tube envelope and surrounding it 
with a good reflector, one can effectively 
coop up the light, the only exit being 
through the photosurface. Some of the 
light will be absorbed in passing through 
the erystal, some upon reflection from 
the Al foil surrounding it. It is there- 
fore desirable to keep the number of 
reflections small and thus the length of 
the light path a minimum. 

Now light that strikes the bottom 
surface at an angle greater than critical 
ray A, Fig. 1) will be totally reflected 
and have to go around again. Indeed, 
if the crystal is a rectangular parallele- 
piped, going around again will do no 
good for the light will always strike at 
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FIG. 1. Light paths out of scintillation 
phosphor 
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greater than the critical angle and thus 
be trapped. We avoid this difficulty 
by cementing the crystals to the tube 
envelope with Canada balsam. This 
makes the critical angle so large that 
most of the light gets out on the first 
try. Gillete (7) points out that the 
tungstate phosphors are particularly 
troublesome in that the index of refrac- 
tion is quite high, the critical angle for 
scheelite being only 31°. He finds that 
grinding the surfaces of the crystal so 
as to diffuse the light is a considerable 


help. 


Light “Piping” 

In many experiments it is desirable 
to locate the phosphor at a distance 
from the photomultiplier. Although a 
system of mirrors is occasionally used, 
more frequently the light is conducted 
from the phosphor to the tube by means 
of a “light piper.”’ This may be a 
hollow tube with a highly polished 
metal surface or a solid rod of quartz or 
lucite. G. B. Collins (7, 24) uses solid 
rods up to 4 ft long and states that 
quartz is twice as good as lucite. 
Lucite can be used only if carefully 
selected. It must be clear with no 
yellowish cast. Collins has measured 
the percentage of light transmitted 
from a ZnS screen by a one-foot section 
of pipe and found 60% for lucite, 50% 
for mineral oil and 70% or better for 
quartz. 

Wouters has used light pipes 20 ft 
long in detecting high energy particles 
in anthracene. 

Occasionally one wishes to use a 
phosphor that is larger than the photo- 
cathode. We have used a truncated 
lucite cone for this purpose. The cone 
was 7 in. long, 114 in. in diameter at the 
small end and 3 in. in diameter at the 
large end. The anthracene crystal was 
cemented to the large end with Canada 
balsam and covered with an aluminum 
foil reflector. The small end was 
cemented to a 5819 tube. This ar- 





rangement gave less than a 50% loss 
in pulse height. 


Photomultiplier Tubes 


The photomultiplier consists of a 
photocathode, which converts a frac- 
tion of the photons falling on it into 
electrons, followed by a series of 
dynodes, each at a higher potential 
than the preceding one. The electrons 
which strike each dynode produce many 
more electrons by secondary electron 
emission. Thus, if a tube has n such 
stages, each with a multiplication ratio, 
R, the gain of the tube is R". For 
example, a 931-A type multiplier has 
10 stages; if an accelerating potential 
of approximately 100 volts per stage is 
applied, R will be about 4. Thus a 
single electron from the cathode will 
produce 4 or ~ 10° electrons at the 
collector, corresponding to a voltage 
step of 0.01 volts across a 16 pyf 
capacitance. Actually the number of 
secondary electrons produced at each 
dynode will vary in a statistical manner, 
so that the pulses obtained from single 
electrons are not all the same height. 
This has been studied by Morton and 
Mitchell (25) and Hoyt (26). Figure 2 
is reprinted from (25). The abscissa 
represents pulse height normalized to 
make the average height for a single 
photoelectron equal to unity. The 
ordinate is the number of counts per 
photoelectron having a height greater 
than the corresponding abscissa value. 
One notes that there is considerable 
spread in pulse height, occasional photo- 
electrons producing pulses eight times 
larger than the average. Let us now 
consider how this will affect measure- 
ments of beta-ray energies. 

Suppose that a sequence of 250-kev 
electrons is stopped in a phosphor, each 
electron producing some 10,000 photons. 
This number is subject to some statis- 
tical fluctuation, though probably con- 
siderably less than (10,000))*. If half 
of these photons are collected on the 


36 














Ratio of photoelectrons to pulses counted 




















| 
| 
| 
8 


a 6 
Pulse height (q=eG) 


FIG. 2. A typical distribution curve ob- 

tained by using a known number of 

photoelectrons per second from the 

photocathode and measuring the number 

of output pulses per second as a function 
of pulse height (25) 


10 





photocathode and 10% of them con- 
verted to photoelectrons, one would 
then expect 500 electrons and a root- 
mean-square deviation of +/500 = 23 
or approximately +5%. The impor- 
tant point now is how much the multi- 
plier tube increases the spread. Meas- 
urements by Hoyt indicate that the 
tube contributes very little when the 
number of photoelectrons is greater 
than 25. Calculations by Morton indi- 
cate that the spread should be increased 
by a factor of R/(R — 1), where R is 
the secondary multiplication ratio of 
each dynode. In either case the spread 
is chiefly in the original number of 
photoelectrons, and for this reason we 
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ive spent considerable effort in pro- 
ucing uniform phosphors of good 
»hysical efficiency and in collecting as 
much of the light as possible. 

In many experiments it is desirable 
to count particles of low energy. How 
far one can go in this direction depends 
partly upon the noise in the photomulti- 
plier tube. Each of the dynodes emits 
electrons at the rate of about 1,000 per 
cm? per see at room temperature. 
Morton (25) has measured the distribu- 
tion in pulse heights and has found that 
in a good tube (type 1P28) there will 
be about 1,000 pulses per second that 
are larger than the average for one 
photoelectron, and only two noise 


yulses per second above 8 electrons. 
} 


Thus, if the particles are energetic 
enough to produce say 20 photoelee- 
trons on the average, then with the 
pulse height selector set at 8 most of 
the particles will be counted and the 
noise background will be 2 per second. 
With the 5819 photomultiplier the num- 
ber of noise pulses will be considerably 
greater because of the larger photo- 
cathode, but the increase in light 
collection efficiency may more than 
compensate. 

The noise background can be greatly 
reduced by cooling the tube with dry 
ice or liquid nitrogen. Morton (25) 
observed a factor of 100 decrease at 
dry ice temperature. Tube gain is not 
appreciably affected by cooling. 

Another method for reducing the 
noise background is to place two photo- 
multipliers adjacent to the phosphor 
and count only those pulses that are 
coincident (27). If each channel in the 
coincident circuit has a resolving time 
of one microsecond and the bias is set 
to give 1,000 counts per second in each 
channel, the coincident counting rate 
will be only one per second. On the 
other hand the light from the phosphor 
must now be divided between two 
photomultipliers and each tube must 
receive enough light to be relatively 
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sure of producing at least one photo- 
electron. It would appear, therefore, 
that cooling a single tube will allow one 
to detect the lowest energy particles and 
still keep the background moderately 
low. Taschek and Gittings (28) have 
used this technique for counting 15-kev 
beta rays from H?. 

Phototubes are remarkable not only 
in that they will detect single photo- 
electrons, but also in that the charge 
is collected in a very short time. Mor- 
ton has reported (7) calculations and 
measurements of the rise time of about 
5 X 10-® sec for a 931-A type tube. 
We have found that the 5819 appears 
to be somewhat slower. 

Although gains of 10° are easily 
obtained and higher gains can be ob- 
tained by over-voltaging the tube, one 
is limited by an increase in noise. 
There is considerable demand for a 
higher gain tube and Morton reports 
successful models of 14-stage tubes have 
been made with a gain of 10". These 
tubes will produce pulses of 40 volts 
from a single electron. 

We have recently discovered that the 
5819 tubes are very sensitive to mag- 
netic fields. In some tubes a change in 
orientation in the earth’s field causes 
the pulse height to vary over a factor 
of two. Most tubes are improved by 
the addition of a small magnetic field 
properly directed. We have also noted 
that the resolution is considerably im- 
proved by raising the voltage between 
the photocathode and first dynode. 
One can often improve the resolution 
without increasing tube gain; this leads 
us to believe that the tube itself is caus- 
ing some of the spread in pulse height. 


Scintillation Spectrometer 
It has been pointed out that the 
scintillation counter can detect gamma 
rays with high efficiency. Also, the 
light flashes are very short so that one 
can count at high speed and do coinci- 
dence experiments with very short 
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FIG. 3. Scintillation spectrometer 


resolving times. These items alone are some radioactive isotopes with hig! 
make the instrument very valuable, but internal conversion coefficients whic! 
the additional fact that the amount of | do emit electrons with a well-defined 
light emitted in each flash is very energy. For example, Cs’, in addi 
nearly proportional to the energy of — tion to emitting a beta ray and a gamma 
the particle opens up the possibility of — ray, also emits internal conversion elec- 
using the instrument for measurement _ trons of 630-kev energy. A thin source 
of gamma- and beta-ray energies. We of this isotope was mounted on a 0.5 
have developed such an instrument mg/cm? polyethylene film which was 
and e¢all it a scintillation spectrometer. then mounted in a holder near the 
Figure 3 is a block diagram of the anthracene erystal. The tube, crystal 
apparatus. The A-1 linear amplifier and source were placed inside a shielded, 
has already been described (29). The _ light-tight box, the inside of which was 
differential pulse-height selector counts lined with lucite to reduce brems- 
all pulses whose amplitude lies between — strahlung. The counting rate was then 
H and H+AH. The great advantage measured as a function of the pulse 
of using a differential selector rather height selector setting, with and with- 
than one that counts all pulses above a out a lucite absorber to stop the beta 
given height has been discussed by 
Elmore (30). We expect to replace 
this single-channel selector by a ten- 
channel instrument now being con- 
structed. The scaler uses the Higin- 
botham circuit and has provision for 
predetermined count or predetermined 
time. The power supply for the photo- 
multiplier tube is electronically regu- 
lated and is monitored with a type-K 
potentiometer. It is necessary that 
this voltage be held constant to within 
one volt since the gain of the photo- 
multiplier varies as about the seventh 
power of the voltage. [Morton (7) has 
suggested a circuit which greatly re- 
duces this variation.] The tubes are 
normally operated at about 750 volts. 
To test the resolution and linearity of ; 1 aa , F 
the instrument, a monochromatic beam = “use ee = 
of electrons, the energy of which can be 
varied, would be desirable. In our case age ra ee = Pan Pi rh 
this has not been practicable but there spectrometer 
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iys. The results are plotted in Fig. 4, 
he two curves being labeled ‘‘gamma 
nly’ and “‘gross counts,” respectively. 
Che difference between these two curves 
s plotted as the ‘‘gamma-subtracted”’ 
curve and clearly shows the beta ray 
ind the conversion line. The fact that 
this line is known to have an energy of 
630 kev (31) establishes a calibration 
point in energy units on the pulse 
height dial. The background count 
with souree removed is also shown in 
Fig. 4. It is apparent that noise from 
the photomultiplier is almost negligible, 
being confined chiefly to the region 
below 50 divisions on the pulse-height 
selector. The background counts above 
this region are few (< 0.1 per see) and 
are due to cosmic rays and radioactivity 
of the surroundings. 

If now a similar set of data is taken 
for In™5*, a conversion line is observed 
at 312 kev, as shown in Fig. 5. This 
isotope was later studied on a lens 
spectrometer and a plot of the data 
drawn on the same graph. There is 
remarkably good agreement between 
the two instruments. The resolution 
is considerably better on the lens 
spectrometer; on the other hand it 
requires a sample 1,000 times stronger 
than the scintillation spectrometer. 
Both instruments show a weak, high- 
energy beta ray (32) which fact is 
interpreted to mean that the 414-hr 
isomeric state of In™® decays not only 
to the ground state by gamma-emission, 
but also to Sn!) by a beta transition. 

Since the scintillation spectrometer 
can be used with very weak sources, it 
has been used to measure the beta 
spectrum of Be!° and K**. As a check 
on the accuracy of the results, the 
spectrum of P%* has been measured, a 
Kurie plot of which is shown in Fig. 6. 
The points fall on a straight line be- 
tween 1.73 Mev and 0.7 Mev. The 
upward curvature at lower energies may 
be accounted for by electrons that leave 
the erystal before they are stopped. 
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FIG. 5. Beta and gamma-ray spectra of 
In''5* obtained with scintillation and lens 
spectrometers 
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FIG. 6. Kurie plots of P*? and Y*! 


The scintillation spectrometer can 
also be used to measure gamma-ray 
energies. If a monochromatic beam of 
gamma rays passes through the phos- 
phor, there will be Compton recoil elec- 
trons of all energies up to a maximum 
energy given by 

1 
wet hee 
where FE, = maximum energy of recoil 
electrons, E, = energy of gamma-ray 
photon, and Ey = self energy of elec- 
tron = 0.511 Mev. 

The number of recoils reaches a 

maximum at greatest energy, then 
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FIG. 7. Recoil electron spectrum pro- 
duced by gamma rays from Na*‘ 


sharply drops to zero. By measuring 
the energy of the break (point of maxi- 
mum slope) one can calculate the 
gamma-ray energy from the previous 
For example, in the Cs!37 
the line which 


equation. 
spectrum 
appears at 630 kev must be produced 


conversion 


by a 668-kev gammaray. Substituting 
this into the equation gives a value of 
484 kev for the maximum energy of the 
recoil electron. This corresponds to 
890 units on the pulse height dial and 
falls at about the break in the ‘gamma 
only”’ curve. 

The recoil electron spectrum pro- 
duced by gamma rays from Na* is 
reproduced in Fig. 7. There are two 
known gamma rays of energy 1.39 Mev 
and 2.76 Mev. These are shown as 
breaks in the curves or sharp maxima 
in the derivative curve. The tailing at 
high energy is apparently not due to a 
‘“‘eross-over’’ gamma ray but to occa- 
sional ‘‘pile-up”’ of the pulses. 

We are at present setting up a double 
coincidence scintillation spectrometer 
to study decay schemes. With this 
instrument we shall be able to study the 


40 


spectrum of the beta rays that ar 
coincident with a given gamma ray 
Conversely we might study whic 
gamma rays are emitted simultaneous! 
with a certain high-energy beta ray. 


Further Applications 

The usefulness of scintillation count 
ers has been demonstrated by many 
investigators. In this laboratory De 
Benedetti and McGowan have meas- 
ured the decay time of some short-lived 
isomers. This is accomplished by ar- 
ranging two photomultipliers and am- 
plifiers to ‘‘look”’ at a single crystal in 
contact with the isotope to be studied 
By observing the coincidence rate as a 
function of the delay time introduced 
in one channel, half-lives of as short as 
0.02 usec could be measured. A simi- 
lar arrangement has been used by 
Deutsch (33) to measure the time of 
decay of positrons in various gases. 
Hofstadter has made use of the high 
gamma sensitivity of Nal(Tl) phos- 
phors to check the Klein-Nishina scat- 
tering formula for gamma rays. 

Wouters (7) has described experi- 
ments at Berkeley which employ scin- 
tillation phosphors to measure the 
range of high-energy protons. This 
group has also used an anthracene crys- 
tal cemented onto the end of a twelve- 
foot lucite rod as a probe for locating 
the cyclotron beam. 

Although the scintillation counter has 
proved to be a very valuable technique 
for many problems, there are limitations 
to its applicability. Such counters do 
not detect alpha or beta particles more 
efficiently than proportional or Geiger 
counters. Essentially all of the par- 
ticles that enter the sensitive volume 
are detected with all three instruments. 
In some cases a better geometric factor 
can be utilized with a phosphor. The 
scintillation spectrometer is not capable 
of high resolution and cannot be used to 
measure particle energies in the few 
kev range; the beta proportional 
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counter is recommended for this 
application. 

In general, scintillation counters are 
most useful when one or more of the 
following properties are needed: 

1. A high sensitivity to 
radiation 

2. A very short resolving time 

3. A measure of the energy of the 
particle or photon 

With fast amplifiers and 
counting rates of a million per second 
would be possible. 


gamma 


sealers, 
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“Nuclear Moments” —(Continued from page 26) 





Both criteria are 


to the spin only. 
approximately but not accurately ful- 


filled by the deuteron. By introducing 
tensor forces that depend not only on 
the separation of the particles, but also 
on the mutual orientation of their spins, 
the following results can be achieved 
for the deuteron: 

(a) Previous successes With central 
forces, related to scattering, binding 
energy, etc., are not invalidated. 

(b) The ground state of the deuteron 
consists primarily of an S-state, but 
contains also some D-state. The sys- 
tem behaves for most of the time as 
though it had no orbital momentum 
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and a total angular momentum of 1 
equal to its total spin. For a small 
fraction of the time, however, it be- 
haves as though it had an orbital 
momentum of two units with anti- 
parallel spin, which still has a resultant 
1, but with a different structure. While 
in the D-state, the system has a smaller 
magnetic moment than in the S-state, 
and it also has a quadrupole moment. 
(c) The theoretically obtained value 
for the fraction of the time spent in the 
D-state is 3 to 4%, and this is just the 
number required to explain the observed 
magnetic dipole and electric quadrupole 


moments. END — 
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ION OPTICS and MASS SPECTROMETRY 
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Optical Constants of Magnetic 
Sector Fields 

Consider a semi-infinite space in 
which there is a homogeneous mag- 
netic field B perpendicular to the plane 
of the drawing (Fig. 1). At the point 
M, a body of mass mp» and velocity vp, 
normal to the boundary 1/N, enters the 
field of the (Hereafter we 
shall call these ‘normal par- 
ticles.”’) It follows a circular path of 
radius R = movo/qB (q = elementary 
charge), which intersects the boundary 
MN at N. 


at an angle @ to the direction of the 


magnet. 
bodies 


If a second body leaves M 


first, its trajectory, relative to the path 
of normal particles shown in Fig. 1, is 
given by 


— = Rasing = Rasins/R (1) 


neglecting small terms of the second 
order, where s is the are-length along 
the ‘‘path of the normal particles,’ 
which we shall hereafter call the 
‘optical axis,” for reasons to appear 
later. The second body does not ex- 
actly intersect the boundary at N, but 
at a distance Ra? from N, which is a 
small quantity of the second order when 
a@ is a small quantity of the first order 

We learn, therefore, from Fig. 1 that 
a beam of particles leaving the point / 
(object point) with the small apertur 
a, will, to a first approximation, collect 
at the point NV. Thus N is the image 
point of M fora paraxial beam. In this 
image-formation, similar to the case of 

* Translation of this paper from German was 


made by Lowry, Brookhaven National 
Laboratory, Upton, N. Y. 
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FIG. 1. 


Particle trajectories in a homogeneous magnetic field 
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THE MASS SPECTROMETER has acquired an ever increasing significance in the 
past decade. Rich fields of application, which can be successfully harvested by 
the mass spectrometer, have been found not only in the determination of isotope 
abundances and the ability to separate isotopes (/)—the original problem—but 
also in gas analysis (2), analysis of vapor spectra (3), and even energy determina- 
tion for components of organic molecules (4). 

An up-to-date mass spectrometer is an optical instrument very much like an 
optical spectrometer. The particle trajectories in magnetic and electric fields can be 
calculated by the same well-known formulas that are used in computing light paths 
in a cylindrical lens (5). The purpose of the exposition here is to bring out this fact. 


ond 
long 
es,’ 


the 








a evlindrical lens, errors of the second 
order are present. 

In Fig. 1, the particle trajectories are 
parallel at the point g@ = w/2 (to the 
If we introduce such a 
parallel beam into the sector POQ with 
a central angle ®; and a constant field 
B, the trajectory of any particle within 
this sector field will be given by Eq. 1. 
Outside the boundaries PO and QO 
where the field must discontinuously 


first order). 


the particle trajectories are 
straight lines. The ‘‘optical axis’’ (of 
normal particles mov», following a circu- 
lar path within the sector, R = movo/qB) 
intersects the line MN at N’. From 
Fig. 2, it is immediately evident that 
this point is the ‘‘focal point” of the 
parallel beam II. £ is a function of the 
are-length s, initially for the case of a 


vanish), 


semi-infinite medium containing a field. 
The particle trajectories are sine curves 
relative to the “‘stretched-out”’ optical 
axis. 

In Fig. 2, the trajectories in a sector 
with a central angle ®; are shown. Up 
to the point s = R/2, they are straight 
lines parallel to the axis. Beyond the 
point P’, where they enter the field, 
their trajectory is given by & = & 
sin s/R. Beyond the point Q’, where 
they leave the field, they follow straight 
lines of slope 


tan u = (wa) e(13 ® ) = — fo pein 9, 
: (2) 

Moreover, it is evident from Fig. 2 that 

fi _ _ § cos ?, (3) 

91 9: 

where g: is the distance from the field 


tanu = — 
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FIG. 2. Particle trajectories relative to the optical axis 
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FIG. 3. Particle image formation by a sector field 


boundary to the point of intersection N’ 
of trajectories of an incidence level £& 
with the optical axis. From Eqs. 2 and 
3, it follows that g; is independent of the 
incidence level 

g. = Reot P, (4) 


Thus N’ is the focal point of the parallel 
paraxial beam II. A comparison of Eq. 
4 with Fig. 1 shows that the focal point 
N’ of the sector field POQ lies on a 
straight line through the origin O paral- 
lel to M’'P. 


According to the customary definition 
of focal length in Gaussian optics 
(£o/fi: = — tan u), one may obtain the 
‘focal length”’ of our sector 

fi = R/sin P, (5 

Thus the principal plane H of the sec- 
tor field is determined. Its distance 
from the boundary Q of the sector field 
(see Fig. 2 where the optical axis is 
stretched out) is given by 


, ? s 
hy =d7, — ti = —R tan (3) (6 


























FIG. 4. Geometrical optics applied to image formation in the sector field 
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Similarly, we can determine the focal 
length, focal point, and principal plane 
for a parallel beam moving in the op- 
posite direction in the sector field ®. 

If (Fig. 3) we add to the sector field 
®, a second sector field ®., the analogy 
given above holds in every respect. 
Through the sector field ® = ®, + Py, 
the object point M will be formed by a 
narrow beam of particles at the image 
point N, where M, O, and N lie on a 
straight line. In Fig. 3, the focal 
points F and F’ of the field ® are shown. 
Equations 4, 5, and 6 hold correspond- 
ingly for the field parameters f, g, and h. 

In the sector field ® (Fig. 3), the 
object distance a = go +h, and the 
image distance b = g, +h. A simple 
calculation shows that 

re if 

a’'b gth'’gth f 
thus giving the well-known image equa- 
tion. Further, it can be shown that an 
object y will produce, according to the 
laws of geometrical optics, an image y’ 
of width V = y’/y = b/a. 


Dispersion of a Magnetic Sector Field 


Consider particles whose mass and 
velocity differ slightly from those of 
normal particles: 

m = m(1 + ¥), 

mv = movo(l + y + B) 

= modv(1 + 5) (7) 
Their optical axis is a circle of radius 
R( + 6) and thus a distance R6 from 
the optical axis of normal particles as 
shown in Fig. 3. 

In the ‘“‘stretched-out”’ schematic 
diagram of Fig. 4, the “6” axis, As, is 
denoted by dashes. We will now con- 
sider the image of the slit S, first in 
“light”? of movo, secondly in light of 
mv. Normal particles from the slit S, 
(po), form the image (p’,o’), of size 
S’ = VS, where the optical axis of the 
image is Ao. The 6 particles also form 
an image of size VS, where Ag is 
the optical axis. The coordinates are 
shown in Fig. 4. 
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v= vo(1 + B) 


From this figure, it is evident that the 
dispersion of homologous images (o’, 
03’ or p’,ps') is given by 

d = R&(1 + V) (8) 
Our sector field thus generates a ‘‘dis- 
persion”’ in addition to the “image.” 
It so closely resembles a collimating 
lens, prism, and telescopic (camera) 
lens of an optical spectrometer that a 
mass spectrometer can be described by 
generalized optics. We need only to 
bring a slit to the position y, in the 
arrangement shown in Fig. 3, and ex- 
pose it to particles from an ion source 
with various masses and velocities in 
order to obtain a row of images y’ 
(spectral lines). Each is characterized 
by a parameter 4; i.e., particles of equal 
momentum will collect at a particular 
image slit. We thus obtain a mo- 
mentum spectrum beyond a magnetic 
sector field. 

The objective slit, in most spec- 
trometers, is exposed to particles of 
equal kinetic energy. This is done by 
bringing them out of an ion source by 
a weak electric field and subjecting 
them to a constant acceleration poten- 
tial U. Since mv? = const., in this 
case 6 = y/2 = Am/2m, there is a 
definite velocity associated with each 
mass. The momentum spectrum there- 
upon becomes a mass spectrum. If we 
denote the mass dispersion by D,, the 
separation of two image slits formed by 
particles with a mass difference Am = 1, 
we have from Eq. 8: 

d R . 
Dn = = =>, (I + V) 

Here also, as for optical spectrom- 
eters, we are interested in resolving 
power. Two mass lines can be the- 
oretically resolved if their separation is 
equal to the slit width, d = VS. For 
monoenergetic particles, we then have, 
using Eq. 8, for the resolving power: 

FA Ae a (9) 
Am S J 


(8a) 


From this expression it is evident that 
R/S must be large, and V small, for 
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FIG. 5. An electric sector field 





great resolving power. It is not possi- 
ble, because of the over-all length of the 
spectrometer arm, to make V_ sub- 
stantially smaller than 1. In_ the 
usual arrangement, V =1. For a 
radius R of approximately 20 em, a 
mass dispersion D,, = 20/m em is ob- 
tained; i.e., the lines of the silver iso- 
topes (m = 107, 109) will 
separation at the image plane of about 
0.2 cm.* 

From Eq. 9, the theoretical resolving 


have a 


power of sucha spectrometer, A = 2000, 
for an objective slit width S = 0.02 cm. 
In practice, however, values only of the 
order of one hundred to several hun- 
dred are obtained. The reason is that, 
in the first place, the radiation is not 
exactly monoenergetic; there is always 
a small scattering of velocity (some- 
times due to an oscillatory acceleration 
potential or to the removal field in the 
ion source); in the second place, the 
finite width T of the collector slit should 
be considered. These two factors can 
be added to Eq. 9, giving: 
R(V +1) 

aes "POG Sg 
R ar +1)+VS+T7 
In addition, the image may be widened 
by aberrations, and, perhaps, by gas 
scattering and space charge. 


* A close check reveals that the image planes 
for the two masses do not exactly coincide. 


Electric Sector Fields 
Image formation and dispersion a: 
also affected by an electric sector field 
Imagine a secto 
of central angle ®, cut from a eylindrics| 
condenser, where the field (neglecting 
field) is chopped off at thi 
boundaries. The potentials g; and ¢ 
are so chosen that normal particles may 
enter the field without a jump in po- 
tential and follow the indicated tra 
jectory (optical axis). Such a field has 


as shown in Fig. 5. 


stray 


for its principal values 
an R , 
V2sin V¥20 
=! cot V2 
V2 
sa =. tan 
V2 v2 
The distance of the optical axis of 
a 6 particle from the optical axis 
of normal particles is R(B + y), in 
a magnetic field, but here the distance 
is R{B + (y/2)). While particles of 
the same momentum form an image at 
the same place in the magnetic field, 
particles of the same energy form an 
image in the same place in an elec- 
tric field. The field thus 
gives pure energy dispersion; the mag- 
netic field—as we pure 


electric 
choose mo- 
mentum dispersion. 

It is possible to superimpose an elec- 
tric and magnetic field in the same 
sector. One then obtains, likewise, 
image-forming and dispersing systems. 
Formulas, however, become a bit com- 
plicated. For details, see reference (5). 


Double-focusing Mass Spectrographs 

In the case of optical spectrographs, 
the light source gives off rays in various 
directions, the sole parameter being the 
frequency of the light. The problem 
is to collect the diverging rays at an 
image point (focusing) in such a way 
that a different image point exists for 
each value of the ‘‘frequency’’ param- 
eter (dispersion). 
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FIG. 6. 


In the case of particle-radiation, the 
“light source”’ gives off ‘‘rays”’ in vari- 
ous directions, there being, however, 
two parameters: velocity and mass. 
The problem for the mass spectro- 
graph is to collect (focus) a narrow 
beam of particles in such a way that 
particles of equal mass are collected at 
a single position, while particles of dif- 
ferent mass come to different positions 
mass dispersion). The particle-paths 
are affected by differing velocities. 

By a dispersion of the particle beam 
according to energy, using an electric 
sector field and a screen, monoenergetic 
particles can be produced which are 
then dispersed by a magnetic field into 
a mass spectrum. Thus, a loss of in- 
tensity occurs which depends upon the 
homogeneity of the energy. It must 
be shown that a mass spectrum can be 
formed by a skillful combination of 
electric and magnetic fields in such a 
way that, for a small velocity interval, 
particles of certain mass are focused at 
the same point (double-focusing). 

In Fig. 6, F. and H, are the focal 
point and principal plane of the electric 
field; F,, and H,» are similar 
the magnetic sector 
field (see Fig. 7). Ao is the optical 
axis of normal particles. A narrow 
beam of normal particles, coming from 
the focal point F., leaves the field 
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sector 
designations in 


Directional and velocity focusing (double-focusing) 


parallel to Ay (beam J). On the other 
hand, a beam of particles, whose mass is 
also my but whose velocity is ro(1 + B) 
leaves the field as a parallel beam at an 
angle W, since the distance of the op- 
tical axis of these particles from Ao is 
R.B (R, = radius of the electric sector 
field, R,, of the magnetic sector field). 
To make beam J// combine at the 
same point F,, as beam J by means of 
the magnetic sector field, the axis Ag of 
the magnetic field must lie on the oppo- 
site side of Ao, 7.¢., the deflection angle 
must be reversed (see Fig. 7) and the 
following expression must hold (see 
Fig. 6) 
RB = 
Je 
Since 8 cancels, double focusing is at- 
tained (6). If ®, = 2/2 (Mattauch- 
Herzog), we obtain from Eq. 5 fm = Rm 
and, from Eqs. 10 and 11, +/2 sin 
M2, =1. Thus ®, = 31.8 degrees. 
It can be shown that such double 
focusing holds for any mass, if the 
boundary of the magnetic sector field is 
chosen as in Fig. 7, which illustrates the 
Mattauch-Herzog mass spectrograph. 
The ion beam, emerging from K, il- 
luminates the slit S at the focal point of 
the electric sector field, out of which 
come parallel beams of equal kinetic 
energy. Two such beams are shown in 
Fig. 7. 


tan y = 
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FIG. 7. The Mattauch-Herzog double-focusing mass spectrograph 


They correspond to particles of equal 
mass but differing velocities. Fig. 6 
shows that, after passing through the 
magnetic sector field, they combine at 


the focal point, which, when ®,, = 1/2, 


lies on the field boundary. For par- 
ticles of a different mass, there is a 
different radius of trajectory in the 
magnetic field. One can easily see that 
the image slits (spectral lines) for dif- 
ferent masses lie along the line Pl (the 
photographic plate). 


Effect of Stray Fields 

Up to this point the fields have been 
assumed to have their full strength 
within the sector and to vanish outside. 
In any actual field, however, the transi- 
tion is continuous, 7.e., a stray field will 
be present. Only stray magnetic fields 
will be considered here, since we are 
dealing with magnetic dispersion of 
monoenergetic particles in the mass 
spectrometer. Because the field is 
continuous at both ends, the particles 
have a longer trajectory in the field. 
Were the particles to go out of a 
chopped-off sector field, the axis of the 
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vacuum chamber, on which both the 
objective and collector slits lie, would 
coincide with the optical axis of the 
chopped-off field. 

The stray field in the central plane 
between the pole pieces is shown (see 
Fig. 8) by ‘‘linesof equal field strength.” 
The field lines are given values relative 
to the field strength in the center of the 
field. The effect of the stray field on 
the “optical axis”’ (trajectory of nor- 
mal particles) is to deflect it, at first 
less, and then somewhat more, than it 
would otherwise have been. 

An exact calculation (7) shows that 
normal particles, in fields of equal 
strength in the center, are deflected 
substantially more by fields which are 
continuous at the boundary (stray 
fields) than by fields which are dis- 
continuous. They will not enter a col- 
lector slit fixed to the wall of the 
chamber [at a position selected without 
taking stray fields into consideration] 
(translator’s addition). A decrease in 
field strength will easily correct for the 
deflection. The problem then arises, 
however, whether or not the image 
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FIG. 8. Schematic diagram of the stray 

field about the pole edge of a magnetic 

sector field, showing lines of equal field 
strength 











plane is moved along the optical axis, 
either in front of or behind the slit. 
Only an exact calculation of the trajec- 
tories will give an answer, which is that 
the distance from the objective slit to 
the image slit depends substantially 
upon the angle between the optical axis 
and the lines of equal field strength, 
and that this distance may lengthen or 
shorten considerably. 

From Fig. 8, one learns that the angle 
may be altered by displacing the mag- 
net relative to the particle trajectories 
(.e., in the chamber) in the direction 
of the double arrows. In this way, the 
sharpest possible focus, within certain 
limits, is obtained for fixed objective 
and image slits in the spectrometer. 
The center O is then no longer along the 
line MN (see Fig. 3) but, say, at QO. 

The lengthening of the optical axis 
by the stray field is given by a thumb- 


rule of Nier (1): The line MN, in con- 
structing an objective with allowance 
for stray fields, should not pass through 
O, but through a point O2 at a some- 
what greater distance from the pole. 
This rule holds only for a certain stand- 
ard arrangement of the pole pieces 
because of the importance of the angle 
€. The sharpest focus is achieved if the 
edge of one pole can be rotated, thus 
altering the angle € (7). 


The Space-charge Effect 

Within the ion beam, the particles 
exert an electrostatic repulsive force on 
one another which spreads the beam. 
The magnetic attractive force of the 
parallel current flow (the approximately 
parallel flow of the particles can be so 
interpreted) can be neglected for the 
particle-velocities in question (an ac- 
celeration potential of some 1,000 
volts). The space-charge effect can 
be simply evaluated for a_ ribbon- 
shaped beam coming from an elongated 
slit (8). The boundary of such a con- 
centric beam is no longer a straight 
line, but a parabola. 

Space-charge repulsion has a twofold 
effect upon the image in a mass spec- 
trometer. The apparent position of 
the objective is moved closer to the 
field (M’ in Fig. 9) because of the para- 
bolic divergence of the ribbon-beam 
emanating from the objective slit M 
(Fig. 9). In addition, the space-charge 
repulsion acts to spread the beam in and 
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FIG. 9. 


Schematic diagram of the space-charge effect on image formation in a magnetic 


sector field 
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FIG. 10. Second-order aberrations for a sector field with q@ = 60°, R = 25 cm, anda 
pole gap of 2 cm 


beyond the magnetic field. Neverthe- 
less, the ion beam can be focused at N’ 
(Fig. 9), if the current density is not 
too great. The distance between the 
objective and the image at this position 
is greater than at N, so that the image 
becomes out of focus at N, where the 
collector slit is placed. 

The space-charge effect begins at a 
beam current of the order of 10-7 amp, 
for the usual slit dimensions (10 by 0.2 
mm) and for particles of average mass. 
At 10~* amp, the effect is quite marked. 


Aberrations of the Second Order 

The laws of image-formation, dis- 
cussed above in connection with sector 
fields, hold, in a first approximation, 
for the paraxial region of the central 
plane between the pole pieces producing 
the magnetic sector field. In the dis- 
cussion of optical constants, it was 
shown that aberrations occur, not of 
the third, fifth, etc., order, as in systems 
of rotational symmetry, but beginning 
with terms of the second order. Since 
we have been dealing with an image 
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from a narrow slit, the only errors to bi 
considered, in addition to aperture 
errors, are those resulting from the 
finite length of the slit. 

The ‘‘aperture error’’ is asymmetric, 
as can be seen in Fig. 1. Rays which 
are parallel to but displaced from the 
central plane for the greater part of 
their path—from the effect of stray 
fields—are influenced by a small z-com- 
ponent in the magnetic field and are 
slightly deflected (‘‘z-errors’’). Rays 
which pass obliquely through the cen- 
tral plane, thus having a small z-com- 
ponent to their velocity, are more 
strongly affected, first because of the 
decrease in the s-component of their 
velocity and, second because of the 
combined effect of the v.-component of 
the velocity and the B,-component in 
the stray field. A calculation shows 
that the former effect is about one half 
as great as the latter (‘‘v,-errors.’’) 
If the particles are not monoenergetic, 
the image slit broadens. A small os- 
cillatory component in the acceleration 
potential acts in the same manner. 
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In Fig. 10, these errors are shown for 
, field with ® = 60°, R = 25 em, a 
pole gap of 20 mm, and a trapezoidal 
pole piece of height 12 em, short length 
22 em (9). All details are given in the 
legend. An image slit distorted by 
faulty alignment is also introduced in 
the figure. It is seen that the collector 
slit and the objective slit must be 
parallel to one another and parallel to 
the field at the central plane to within 
one degree if alignment errors are not 
to exceed second-order aberrations. 

The aperture errors of the second 
order can be corrected by appropriate 
curvature of the pole edges (10), or a 
more closely defined effective pole edge 
in the stray field (9). If the z-errors 
are eliminated, a calculation shows that 
the curvature of this effective pole edge 


must be zero. Both errors, therefore, 


can never be simultaneously eliminated. 
The v,-error is unavoidable if the par- 
ticle beam passes through a stray field 
while going out of the sector field into a 
field-free space. 
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Thermal Neutron Cross Sections and Related Data 


By H. R. KROEGER 


NEPA Division, Fairchild Engine and Airplane Corporation 
Oak Ridge, Tennessee 


THE TABLE on pages 52, 53 and 54 is a convenient summary of some declassified 
, } 


nuclear data. 


Symbols which are undefined in the table are: 


b = average cosine of the scattering angle relative to the initial direction 
or = total microscopic cross section for collision 
os = microscopic cross section for a scattering collision 
rr = microscopic cross section for a transport collision 
o4 = microscopic cross section for an absorption collision 
Cross sections for hydrogen and deuterium are for H and D atoms in combination 


with O (H.O and D,.O). 


The density given for ssRn2?? is for liquid radon. 


The atomic weights and densities are from ‘‘Handbook of Chemistry and 


Physies’’ (Chemical Rubber Publishing Co., Cleveland). 


The macroscopic cross 


sections, mean free paths, slowing-down powers, and moderating powers are based 
on thermal neutron cross-section data gathered from the following sources: 


. K. Way, G. Haines, Thermal neutron cross sections for elements and isotopes, CNL-33, 2/29/48 
», E. Melkonian, L. J. Rainwater, W. W. Havens, Neutron beam spectrometer studies of oxygen, 


M-2554 


. R. G. Nucholls, The total scattering cross sections of deuterium and oxygen for fast neutrons, 


MDDC-37, 6/17/46 


. K. Way, G. Haines, Tables of neutron cross sections, MonP-405, 10/28/47 (supplement issued 


4/20/48) 


5. H. H. Goldsmith, H. W. Ibser, Neutron cross sections of the elements, MUC-HHG-7, 12/5/45 
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Low-Rate Alpha Scintillation Counter™ 


The design, construction and testing of an alpha scintillation 
counter, developed especially for very low rate counting 
problems encountered in some health physics and dust study 
applications, is described. The prototype instrument is said to 
have a number of advantages and very few disadvantages over 
Geiger or proportional counters used for such measurements 


By B. CASSEN, C. W. REED, L. CURTIS and L. BAURMASH 


Atomic Energy Project, University of California at Los Angeles 
Beverly Hills, California 


IN CONNECTION with some prelimin- 
ary studies of very low alpha activity 
of dust samples obtained by impinge- 
ment on sticky surfaces, it was soon 
that thin-mica-window Geiger 
counters were not entirely satisfactory 
for this type of work. Long runs were 
necessary to obtain statistically ade- 
quate numbers of counts. Frequently 
the counters became insensitive or gave 


found 


erratic groups of counts even though a 
stabilizer was used on the power supply 
The sensitivity on standards 
was not too good. The supply of 
counters was not good. Those that 
were available did not give the same or 
comparable results and it seemed that 
their characteristics for long-time, low- 
rate counting would erratically change. 
Although it might have been possible 
to ‘‘debug”’ the Geiger counters it was 
thought advisable to put the effort in 
developing an alpha scintillation coun- 
ter for this type of work. 

It is very difficult to simulate a scin- 
tillation by any extraneous processes. 
Furthermore, the photomultiplier tubes 
are cheap and readily available. They 
are high-vaecuum devices and accord- 


circuit. 


* This paper is based on work performed 
under contract No. At-04-1-GEN-12 between 
the Atomic Energy Commission and the Uni- 
versity of California at Los Angeles. 
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ingly do not have the whimsical be- 
havior of gas-filled tubes. The only 
forseeable disadvantage was the neces- 
sity of counting the sample in a com- 
pletely darkened enclosure. Prelimin- 
ary tests of a scintillation counter were 
so encouraging that it was decided to 
build a well-made prototype unit with no 
temporary or makeshift characteristics. 

The completed counting unit is shown 
in Fig. 1. The photomultiplier tube 
and sample holder are in a light-tight 
enclosure built into the unit and acces- 
sible from the front panel by removing 
a cover by afractional turn. There isa 
power supply for the photomultiplier 
tube, a low-frequency amplifier for the 
output of the photomultiplier, a two- 
stage binary counter, a mechanical 
counter that records each four actual 
counts, and stabilizing circuits. It was 
originally specified that it would not be 
necessary at any time to count over 100 
scintillations per minute. The limita- 
tions of the mechanical counter made it 
necessary to use only two binary elec- 
tronic stages. 


Photomultiplier and Sample Unit 
Figure 2 is a cutaway view of the 
light-tight enclosure showing the ar- 
rangement of the photomultiplier tube 
and the sample holder. The enclosure 





FIG. 1. Complete counting unit 


is large enough so that all internal sur- 
faces are readily accessible for pos- 
sible decontamination proceedings. 
The sample is either evaporated or 
impacted or held by adhesive in the 
bottom of a flat stainless steel dish 
having an oblong active area about 
3 cm long and 1 cm wide. This dish 
fits into an oblong slot in a thin sheet 
of plastic which sheet slides into a slot 
in the main sample holder. The main 
sample holder is pivoted on the end of 
a plastic arm which can be pulled down 
away from the phototube against the 
force of a weak spring. The spring 
presses the holder directly against the 
phototube, two edges of the holder 
touching the glass wall of the tube. 
This arrangement, besides allowing easy 
access to all parts, gives a very constant 
spacing and geometrical arrangement of 
the sample relative to the tube. 

The scintillating screen is simplicity 
itself. A piece of transparent Scotch 
tape has its sticky surface dipped into 
Patterson type-B Zn, CdS phosphor 
powder. The tape is stuck on to the 
surface of the glass envelope of the 
photomultiplier tube with two other 
pieces of Scotch tape with the phosphor 
powder on the outside. On the whole, 
the screen is only a single layer of 
crystals; the light from the scintilla- 
tions escapes equally well from the 
crystals from the back as from the front. 
No mirrors or lenses are used. The 
screen surface is cylindrical so that it is 


56 





Detail of 
Specimen Troy 
ond Holder : 


Ww 











FIG. 2. Cutaway view of photomultiplier 
tube holder and sample tray 


not at a constant distance from the 
active emitting surface in the bottom 
of the sample tray. The distance of 
closest approach is jg, in. The effi- 
ciency of the arrangement is discussed 
in a later section. The sample is most 
conveniently changed by sliding out the 
tray in the thin plastic slotted slide with 
the arm either in its highest position or 
slightly retracted from the tube. The 
old stainless steel dish is removed, a 
new one inserted, the slide slid into the 
holder and the arm then gently guided 
to its highest position. The cover is 
replaced on the enclosure and the count- 
ing and timing is started. 
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Electrical Circuits 

\ brief description of the circuit may 
be aided by the use of a block diagram 
shown in Fig. 3. The general require- 
ments of the alpha scintillation counter 
specify counting rates in the region of 
one to 100 per minute; low background 
counts, high geometry; high stability 
and reliability; compactness and acces- 
sibility. Miniature tubes are used 
throughout except for the B-supply 
rectifier tube. 

A voltage-dividing resistor network is 
arranged in the standard fashion to 
supply the dynode and anode voltages 
for the photomultiplier tube. Ten 
47,000-ohm resistors are used in the net- 
work to limit current drain from the 
high-voltage source to less than two 
milliamperes. Bypass condensers are 
used on the last two dynodes to reduce 
current surges through the resistors. 

Best signal-to-noise ratios are ob- 
tained at dynode voltages less than 100 
volts per stage. 

At about 80 volts per stage the signal- 
to-noise ratio is about twenty to one. 
(An RCA 1P21 is normally used as the 
photomultipliertube. However, a type 
931-A has been used successfully in 
spite of a slightly lower signal-to-noise 
ratio. 

The tube and sample holder are 
mounted inside a light-tight chamber. 
A removable front cover provides access 
to the interior for inserting and remov- 
ing samples. The chamber is mounted 
at top and center of the front panel so 
that a good view is provided of the 


interior when the operator is seated at a 
standard height desk. 

Two stages of amplification are used 
to augment the gain of the multiplier. 
The photomultiplier has a current gain 
of about 5 X 10° when operated at 80 
volts per stage. The two-stage ampli- 
fier with feedback has a gain of approxi- 
mately 5 x 104. A _ potentiometer is 


provided to adjust the over-all amplifica- 
tion to the correct operating point. 


The amplifiers are not designed to 
handle high counting rates. In view of 
the fact that specifications called for 
maximum counting rates of the order of 
100/min, amplifier response is more 
than ample, being in the order of 
103/sec. A jack is provided to allow 
signal monitoring by of an 
oscilloscope. 

The gate circuit has the function of 
discriminating between alpha scintilla- 
tion pulses and noise or dark-current 
pulses. Stability in this circuit is essen- 
tial. For this reason a twin-triode one- 
shot multivibrator derived from the 
grounded-grid type of amplifier is used 
to provide gating action. A variable 
resistance in the common cathode cir- 
cuit of the twin triode provides sensi- 
tivity control. 

A stabilized reference voltage for the 
pulse-height discriminator is provided 
by a voltage regulator tube. This tube 
also furnishes a stabilized voltage for 
the plates of the gate circuit. 

For normal operation the amplifier is 
adjusted to give a pulse of about six 
volts peak to peak. Gate sensitivity 
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FIG. 3. Block diagram of circuit 
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is then adjusted so that all pulses with 
less than 3 volts peak-to-peak amplitude 
will not operate the gate tube whereas 
all pulses above this level will trigger 
the gate. Since the signal-to-noise 
ratio is about twenty to one this adjust- 
ment will give a factor of safety of about 
ten over the noise level and at the same 
time allows for a two-to-one variation 
in pulse amplitude. Small variations 
do occur in normal operation, but this 
variation is usually less than +15% of 
the normal pulse height. 


Scalers 

Two binary scaling stages are used to 
provide a factor-of-four reduction in 
pulse rate before the counts are accu- 
mulated on a mechanical register. This 
will allow a maximum statistical count- 
ing rate in the vicinity of ten per second. 
Provision has been made for the addi- 
tion of sealing stages if the need arises 
for counting at higher rates. 

Each sealing stage incorporates diode 
pulsing to the grid circuits. Neon glow 
lamps indicate numbers in the binary 
Resetting sealing stages is ac- 
complished by a push-button switch 


system. 


which puts a negative pulse into each 
scaling stage in such a way as to return 
each stage to the zero or reset position. 

The output tube provides a high cur- 
rent pulse to drive the mechanical 
register. This tube is normally cut off. 
A positive pulse from the last scaling 
stage drives the grid positive and 
thereby causes the mechanical register 
to record one unit. 

The register is mounted on the front 
panel. It incorporates a cam for reset- 
ting to zero. Each register unit repre- 
sents four counts. 

The essential difference of the volt- 
age-supply circuit from normal high- 
voltage regulated supplies is the fact 
that the positive line is at ground 
potential. This is desirable so that the 
plate of the photomultiplier may be 
directly coupled to the grid of the first 


amplifier stage. The regulation of t! 
supply is such that it appears to t} 
load as a supply of approximate! 
4,000 ohms internal impedance. 

A potentiometer is provided for a: 
justing the operating potential of t! 
photomultiplier tube. Voltage is rea: 
by a meter installed in the front pane 
Adjustment of operating voltage s¢ 
dom has to be made so that the voltag: 
control is not brought out to the pane! 


Over-all Perfoimance 

The completed unit was subjected to 
a continuous duty test of one month for 
twenty-four hours per day. During the 
first few days of the test it was found 
that spurious counts were being § re- 
corded, This trouble was quickly 
traced to high-frequency pulses being 
generated by electric typewriters in the 
area. Pulses were transmitted via 
the power line to the seintillation 
counter. To remedy this situation a 
line filter was installed on the counter 
After this was done the instrument be- 
haved consistently. 

A background count of between two 
and three counts per hour is normal for 
the alpha counter. Occasionally the 
screen may become contaminated, but 
this is quickly remedied by changing 
the screen. Very little variation in 
geometry occurs from changing screens. 

Preliminary indications are that this 
instrument will provide a reliable and 
foolproof method of counting low-activ- 
ity alpha samples. It has a minimum 
number of controls and is easily 
serviced. 

Preparation of Standards 

To determine the counting character- 
istics of the scintillation counter and 
also to determine the geometry of the 


system, several alpha-emitting stand- 
It was decided 
to use U;Os as the alpha emitter. 

The U;Os was made by oxidizing 
uranyl nitrate at about 800° C to the 


ards were necessary. 


The resulting black mass was 
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oxide. 





mi 


nixed with carbon tetrachloride and 
ball-milled for twenty-four hours to 
assure a uniform, small particle size. 
he wet pulverized material was filtered 
nd washed several times with purified 
tetrachloride and then dried. 
rhe agglomerated U,Os was broken up 
with mortar and pestle. Under micro- 
scopic study, about 95% of the U;0s 
was observed to be uniformly between 
one and three microns. 

The standard was prepared by insert- 
ing a strip of Scotch tape in the bottom 
of a stainless-steel sample dish and then 
covering the sticky surface with the 
micropulverized U,;Os. All the loose 
particles were carefully removed so that 
a single layer of particles was left in the 
A count on this sample showed 
too high an activity for the low- 
rate alpha counter. Therefore it was 
decided to dilute the UsOs with an inert 
substance. The substance selected was 
micropulverized AlsO; because of its 
relatively high density. 

Two standards were decided on, one 

to have ten times the activity of the 
other. Standard A consisted of 3.65 
gm U;Os and 20 gm AI.O;. Standard 
B consisted of 0.365 gm U;Os and 20 
gm Al.O;. Each sample was separately 
ball-milled to insure a uniform blend of 
material. A standard from each sam- 
ple was made in the same way as the 
high-rate sample described 
On standard A, a total weight 
of 0.8 mg of mixture was deposited 
which was equivalent to 123.5 micro- 
grams of U,Os. Standard B contained 
0.7 mg of mixture equivalent to 12.5 
micrograms of U;Os. Theoretical cal- 
culations for these standards indicated 
a 50% geometry figure of 85.6 counts 
per min for standard A and 8.66 counts 
per min for standard B. 

The first series of tests on the alpha 
counter was to determine the back- 
ground count for the circuit as devel- 
oped. A number of runs were made of 
varying duration, from 15 hr to 45 hr. 
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The background during these tests ran 
from 2 counts per hr to 3 counts per hr. 
For the eight background tests, a total 
of 434 counts were recorded for 177 hr. 
This gave an average background of 
2.45 counts per hr. 

A run on standard A for 5 hr gave an 
average count of 3,332 per hr, corrected, 
or 55.5 counts per min with a variation 
of about 2.1%. A comparison of this 
figure with the theoretical half-geome- 
try gives a figure of 64.8% of half- 
geometry or 32.4 % of total-geometry. 

Standard B showed an average count 
of 358 per hr, corrected, or 5.97 counts 
per min for 17 hr with a variation of 
about 4.8%. This sample showed a 


geometry of 68.9% of theoretical half- 
geometry or 34.4% of total-geometry. 


Proposed Applications 

The development of this counter was 
primarily undertaken for alpha counting 
of impacted dust samples. A_ thin, 
high-velocity stream of air striking a 
sticky surface will deposit a large frac- 
tion of its dust content on the surface. 
Under certain circumstances the sticky 
surface can be a piece of Scotch tape 
which can then be inserted in one of the 
sample dishes for counting. 

Innumerable methods easily suggest 
themselves for particular problems. 
For measuring alpha activity of soils, 
a preferred method is to ball-mill a 
soil sample to the micron size range, 
dip a piece of Scotch tape into the 
micronized sample, shake off the excess 
and make a count on the dusted tape 
cut to fit the sample dish. This method 
can be applied to any material that can 
be prepared as a sufficiently fine pow- 
der. By weighing as described previ- 
ously, the absolute activity is deter- 
minable once the geometry efficiency is 
known from the standards. The fine- 
ness of the powder eliminates the neces- 
sity of self-absorption corrections. The 
same method can be applied to ashes 
from biological specimens. END 
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THE ELECTRON CYCLOTRON 


By W. J. HENDERSON and P. A. REDHEAD 


National Research Council of Canada 
Ottawa, Ontario 


BEFORE THE WAR, the only machine 
capable of accelerating electrons to very 
high energies was the betatron (1). 
Since the war, three new types of 
accelerators for electrons have been 
developed: the linear accelerator (2), 
the synchrotron (3), and the electron 
cyclotron (4). Of this group, the elec- 
tron cyclotron, which has also been 
called the microtron, has received rela- 
tively little attention. 
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The principle of the electron cyclo- 
tron was first presented by Veksler (4 
in the same paper in which he presented 
the original conception of the synchro- 
tron. A short discussion of this 
machine has also been given by Schiff 
(6). At the National Research Council 
laboratories in Ottawa, Canada, a smal! 
experimental model of this machine has 
been built (6) and is now operating at 
energies up to 5 Mev. Although, in 


October, 1949 - NUCLEONICS 








lo- 


(4 
ted 
ro- 
his 
iff 
cil 
all 
1aS 
at 

in 


CS 


Built inexpensively by Canada's National Research Council, 
an experimental model of this novel electron accelerator 
operates at energies up to 5 Mev and may have distinct ad- 
vantages over other types of accelerators in the region above 


10 Mev. 


It uses a constant magnetic field and applied 


radio-frequency and could find use in small laboratories 





principle, the upper energy limit of this 
type of accelerator is extremely high, it 
appears that other types of accelerators 
would be less expensive for very high 
energies. However, the electron cyclo- 
tron may have distinct advantages over 
other types of accelerators in the energy 
region of tens of millions of volts. 

In resonance accelerators, the rota- 
tional frequency of the accelerated par- 
ticle is matched to the frequency of the 
accelerating radio-frequency field. The 
relativistic increase in mass of the accel- 
erated particle as it gains in energy 
causes a change in its rotational fre- 
quency; with a constant magnetic field 
and applied frequency, the particle will 
fall out of synchronism with the accel- 
erating field. This relativistic effect 
is overcome in the synchrotron by suit- 
able variation of either the magnetic 
field or the frequency of the acceler- 
ating voltage. 

The electron cyclotron is distin- 
guished from the synchrotron by the 
use of a constant magnetic field and 
applied radio frequency. The _ rela- 
tivistie effect is overcome by making 
the time lag per revolution of the 
electron, caused by this relativistic 
effect, equal to an integral number of 
periods of the r-f field. The time of 
revolution in each orbit is one or more 
periods longer than in the previous 
orbit, and the electron will always 
return to the accelerating gap at the 
correct phase for further acceleration. 
It is also necessary to ensure that the 
time of revolution of the electron in the 
first orbit is equal to an integral number 
of periods of the r-f field. These two 
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conditions define the relation that must 
obtain among the accelerating voltage, 
the magnetic field and the frequency. 

A simplified plan view of the electron 
cyclotron is shown in Fig. 1. An 
ellipsoid-hyperboloid cavity, resonant 
at 2,800 Mc per sec, with holes in its 
re-entrant poles to allow the passage of 
electrons, is placed at one side of a 
vacuum chamber. A magnetic field of 
about 1,000 oersteds is maintained per- 
pendicular to the plane of the diagram. 
The cavity is excited from a tunable 
magnetron operating at 2-usec pulse 
width and a repetition frequency of 
435 pulses per sec. 

Electrons produced by field emission 
from the inside surface of the resonant 
cavity are accelerated across the gap in 
the cavity to a maximum potential of 
about 600 kv. Some of these electrons 
emerge from the hole in the pole of the 
cavity and revolve in the magnetic field. 
Those electrons which acquire a kinetic 
energy equal to the rest mass of the 
electron (511.24 X 10° ev) will rotate 
in a magnetic field of 1,000 oersteds in 
two periods of the 2,800 Me per sec 
accelerating field, and will cross the 
accelerating gap again at the same phase 
of the r-f wave as for the previous 
crossing. The electron will, therefore, 
receive a further acceleration of 511 kv 
and execute the second orbit in three 
periods of the r-f wave. This process is 
repeated for succeeding orbits, the time 
of revolution in each orbit being one 
period longer than in the previous one. 

Since the energy gained on each 
crossing of the gap is so large, the orbits 
which are cotangential at the accelerat- 
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FIG. 1. 


Simplified plan view of accelerator through the median plane. 


‘“‘A”’ is an 


alternative target 


ing gap are widely spaced from one 
another on the outer portions of the 
orbits. Eight orbits are possible in 
the 14-in. diameter vacuum chamber. 

If we overlook any effects of the 
transit time of the electron across the 
accelerating gap, we may readily derive 
the two resonance conditions from a 
simple analysis. The equations for the 


motion of a charged particle in a 
magnetic field of H oersteds perpendicu- 
lar to the plané of the motion are 


Hev mv? 


T = 2ar 
c r v 
where v is the velocity of the particle, 
e its charge, m the relativistic mass, r 
the radius of the circular orbit in which 
the particle moves, and 7 the time 
taken to execute a complete circle. 
From these two equations, the time of 
revolution of such a particle is seen to be 
T = 2xmc 
He 

We see that the time of revolution is a 
linear function of the total energy of the 
particle since 

_ 2rU 
~ eHe 
where U is the total energy of the 
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T (1) 


electron. If the electron is accelerated 
through a potential drop of V volts at 
each crossing of the gap, after n cross- 
ings U, = Uy +neV. Then 
T, = 2n 
eHe 
Uy) is the rest energy of the 
Therefore 


(Uo + neV) (2) 


where 
electron. 
9.V 
Tau —-T. = * = AT 
where AT is the difference in times 
taken to perform successive orbits 
Note that AT is independent of the 
energy of the particle, and in a constant 
magnetic field depends only on V, the 
increment of energy obtained during 
each revolution. To obtain resonance 
acceleration, therefore, it is only neces- 
sary to adjust V and H so that AT is 
equal to br, where b is any integer 
except zero and T is the period of the 
r-f field. That is 

co = br (4) 
The second resonance condition de- 
fining time of revolution in the first 

orbit is given by 
22(U'o + eV; + eV) 


- -zar (5 
eHe 
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re ais any integer except zero or 
ity, and V; is the injection voltage 
if the electron; a cannot be unity since 
the minimum value of b is unity and the 
leit-hand side of Eq. 5 is greater than 
the left-hand side of Eq. 4. 

When V; is zero and eV = U4, it is 
evident that a = 2b. Thus resonance 
weeleration can be achieved with elec- 
trons starting from rest if the accelerat- 
ing potential is made equal to theequiva- 
lent rest-mass potential of the electron. 
The accelerator deseribed in this paper 
operates with zero injection energy, and 
Eq. 5 reduces to 

2n(Uy + eV) 
eHe 

Combining Eqs. 4 and 6, the reso- 
magnetic field and 


= dt (6) 


nance values of 
voltage are given by 
2 ° 
TM of 
H = 
eig = hjr 
c mye? b 
v= 
e (a —b) 
From consideration of available r-f 
generators, the most convenient mode 
1, where the 


resonance parameters have the follow- 


of operation is a = 2,6 = 
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FIG. 2. Variation of voltage efficiency 
and transit angle with entrance angle for 
different values of the peak voltage on 


the gap. Curves are plotted for an 
entrance energy of 10 kilovolts 
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ing values: H = 995 oersteds, V = 511 
kilovolts, and f = 2,800 Me per sec. 
Operation with zero injection energy 
simplifies the injection problem by 
eliminating it, but it limits the varia- 
tion of output energy to that obtainable 
by variation of the magnetic field. The 
magnitude of this variation is deter- 
mined by the width of the phase stable 
region. Although it is found that wide 
variation of the output energy can be 
achieved by this means, the output 
current is reduced considerably. By 
varving the injection energy from zero 
to 500 kv and making appropriate ad- 
justments in magnetic field and gap 
voltage, it would be possible to obtain 
a continuously variable output energy. 


Effect of Transit Time 

The energy gained by an electron in 
crossing the 1-cm accelerating gap in the 
resonant cavity is a function of the 
transit angle of the electron across this 
gap. The energy gained by the elec- 
tron when crossing the gap for the first 
time may be calculated by a graphical 
method, and a curve of exit energy 
versus entrance angle may be plotted 
as in Fig. 2. 

It will be seen that an electron enter- 
ing the gap at about 60 deg in the r-f 
evele will obtain almost 100% of the 
peak voltage on the gap. the 
electron reaches % 9 of the velocity of 
light during the first acceleration, its 
velocity thereafter may be considered 
constant; the transit angle for such a 
hyperrelativistic electron is constant 
with a value of 34 deg. Within the 
phase-stable region, the energy gained 
by a hyperrelativistic electron varies 
between 94 and 97.5% of the peak 
voltage on the gap. Figure 2 shows 
that the maximum energy gained by an 
electron on the first crossing is approxi- 
mately 97% of the peak voltage (500 
kv). Thus, an electron starting from 
rest will gain approximately the same 
energy in crossing the accelerating gap 
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Since 


























FIG. 3. Phase stability 


as an electron in the outer orbits travel- 
ing with the velocity of light. 


Phase Stability 

The phase focusing process in the 
electron cyclotron and the synchrotron 
(7) are essentially similar. Electrons 
which enter the accelerating gap dis- 
placed in time either before or after the 
resonant phase will be phase-focused 
back toward the resonant phase on later 
crossings. As Veksler has shown, the 
electron cyclotron 
phase stability for those electrons cross- 
ing the gap beyond the peak of the r-f 
This is shown qualitatively in 


possesses inherent 


wave. 
Fig. 3. 

Consider first the 
crosses the gap at a phase @p slightly 
after the peak of the r-f cycle. It will 
gain the resonance voltage V’, and if 
the magnetic field is adjusted to the 
resonance value, this electron will arrive 
back at the gap at the same phase ¢» 
and receive the same voltage V’. It is 
called the resonant electron. 

Next consider an electron crossing the 
gap at a phase @y, a little early with 
respect to the resonant electron. It 
will gain more energy than the resonant 
electron, and thus it will take longer to 
perform the next orbit (see Eq. 1). At 
the next gap crossing, therefore, this 
electron will cross at a phase de, 
slightly closer to the resonant phase. 
After a further acceleration, it will 
cross the gap at the resonant phase, but 
with an energy excess which causes it 
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electron which 


to continue its phase shift to the other 
side of the resonant phase. Now the 
process is reversed, and the electron wi! 
be returned to the resonant phase posi- 
tion. This process represents a phas: 
oscillation about the resonant phase @ 

Thus there isa phase-stable region about 
the resonant phase point. Within this 
region electrons will remain in a stab| 
orbit; outside this region electrons wil! 
be lost from synchronism. 

An analysis of the phase-focusing 
effect for this type of accelerator has 
been made, and the phase-stable region 
is estimated as 20 deg wide. This 
analysis is very approximate, and since 
resonance acceleration can be obtained 
over a wide range of magnetic fields 
(900-1,200 oersteds), it is thought that 
phase stability is greater than 20 deg. 


Electronic Loading of the Cavity 

The accelerated electron beam pre- 
sents a conductance in parallel with the 
shunt conductance of the resonant 
cavity. This electronic conductance 
causes an increase in the effective con- 
ductance of the cavity resonator and 
thus a decrease in the peak voltage 
developed across the accelerating gap 
This limits the current which may be 
accelerated for a given power input to 
the cavity. 

The maximum permissible current for 
resonance acceleration is that current 
which just lowers the gap voltage below 
the resonance value. An analysis of 
the maximum permissible current in 
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FIG. 4. Spatial distribution of current 


in the orbits 
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the electron beam which will lower the 
peak gap voltage to the resonance value 
has been made, and it is found that this 
current is given by 

2Wr. Vi 


“Vi Ra (8) 


where Wz is the power loss in the cavity 
when loaded by the electron beam, Vz 


I naz = 


is the corresponding voltage, and R,, is 
the shunt resistance of the cavity. 
With the present r-f power available 
250 kw peak) and cavity shunt im- 
pedance of about 2 meg, the maximum 
permissible currents emerging 
from the cavity are 190 wa. Currents 
of the order of 100 wa have been meas- 
ured in the first orbit, these currents 


mean 


being produced by field emission from 
the inside surface of the cavity. Thus 
orbit currents of the same order as the 
maximum permissible currents can be 
field 


Various attempts to increase this cur- 


obtained from emission alone. 
rent by external electron sources have 
been made. In all cases, copious emis- 
sion was obtained and large currents in 
the first orbit were observed, but these 
currents were too large to allow reso- 
nance acceleration. 

Approximately 1% of the first-orbit 
current is trapped into the second orbit ; 
this current is then subjected to reso- 
nance acceleration. Very little loss of 
current occurs after the second orbit 
(see Fig. 4). The broadening of the 
eighth orbit is due to the rapid fall-off of 
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the magnetic field at the edge of the 
vacuum chamber. 

Electronic loading of the cavity is 
caused almost entirely by the first 
orbit. This loading is caused chiefly by 
electrons which are not utilized in the 
resonance acceleration process. 


The Accelerating Cavity 

The choice of a suitable cavity reso- 
nator was influenced by the following 
considerations: 

1. The chosen shape should have 
a short accelerating gap (to 
reduce transit-time effects) and 
should not obstruct the small- 
radius orbits. 

2. The cavity must have as high 
a shunt resistance as possible. 
(In general, shunt impedance 
increases with gap length.) 

3. To reduce the probability of 
sparking at high powers, all 
surfaces inside the cavity must 
be well rounded. 

Cavities of the general shape of the 
ellipsoid-hyperboloid, the — electrical 
properties of which have been cal- 
culated by Hansen (8), best fulfill the 
above requirements. A cavity with a 
gap length of 1 em and an equatorial 
diameter of 6.2 cm, resonates at 2,800 
Me per sec. The final shape of some 
cavities was modified considerably from 
the original ellipsoid-hyperboloid for 
mechanical reasons. Figure 5 is a 
cross-section view of one type of cavity; 
the main body of the cavity (A) is made 
from solid copper. Power is fed into 
the cavity through the circular hole (B). 
The poles of the cavity consist of two 
conical copper spinnings (C) which are 
clamped into position by the clamping 
plates. A knife-edge contact insures a 
good connection between the cones and 
the body of the cavity. 

A cavity turned from a solid block 
of copper in two halves with the sur- 
faces of the central plane lapped to an 
optical finish gave a high value of Q 
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when the two halves were clamped 
tightly together. 

Another type of cavity, 
thin copper and brazed 
equatorial plane, 
Spun-copper gave the highest Q. 

A special technique (9), developed 
for the measurement of these high 
values of Q, consists of a circuit for 
eomparing the frequency response curve 
of the cavity with that of a circuit of 
lower frequency (30 Mc per sec) with 
known and variable Q. The two 
response curves are displayed simul- 
taneously on a cathode-ray tube, and 
the Q of the low-frequency circuit is 
adjusted until the two curves are 
coincident. The unknown Q is then 
given by the product of the known Q of 
the low-frequency circuit and the ratio 
of the two frequencies. By calibration 
of the low-frequency circuit, the instru- 
ment is made direct-reading in Q. 

Measurement of the effect of the size 
of the accelerating hole in the cavity 
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spun from 
around the 
has also been used. 


on the Q of the cavity has shown that 
hole diameters smaller than 0.35-in 
diameter have little effect on either Q 
or the resonant frequency. A_ hole 
diameter of 3¢ in. was used in the final 
cavity. Q’s of 10,000 were obtained 
with an estimated shunt resistance of 
approximately 2 meg. Measured Q’s 
were about 80% of the theoretical Q. 


The Radio-frequency System 

A diagram of the r-f system is shown 
in Fig. 6. A tunable magnetron 
(RK5586) feeds into a rectangular wave 
guide containing a phase shifter for 
varying the effective length of line 
between the magnetron and the cavity. 
This phase shifter consists of a tapered 
quartz plate which can be moved across 
the guide by means of a vacuum-tight 
bellows assembly. A side arm on the 
broad side of the guide introduces a 
variable load which is effectively in 
series with the cavity. The coupling 


to the cavity is through a circular hole 
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whose diameter can be varied by the 
insertion of metal rings to adjust the 

.vity impedance presented to the wave 
guide. 

The effect of a series resistance in 
stabilizing the frequency of operation 
of a magnetron feeding into a resonant 
load has been adequately treated else- 
where (10). It suffices to say here that 
a resistive load in series with the cavity 
stabilizes the frequency of operation of 
the magnetron. In the arrangement 
here, 50% of the 
available power is normally fed into 
the cavity and 50% of the power into 
the sand load on the side arm of the 
wave guide tee. 


under discussion 


Two properly placed tuning screws 
in the side arm allow independent ad- 
justment of its resistive and reactive 
The resistive screw con- 
trols the fraction of the total power fed 
into the cavity. 


impedances 


The reactive screw is 
used to cancel any stray reactances in 
the tee and side-arm circuit. 

The wave-guide system is evacuated 
to reduce the problem of sparking. All 
the controls are brought out through 
vacuum-tight bellows, so that all possi- 
ble circuit adjustments can be made 
under vacuum. 


Results and Observations 

Currents in the orbits have been 
measured by means of a movable Fara- 
day collector shown in Fig. 1; the 
resultant plot of current versus radius 
is shown in Fig. 4. Under normal 
operating conditions, currents of ap- 
proximately 44 wa have been measured 
in the eighth orbit. The energy of the 
electrons in this orbit can be varied 
between approximately 4.0 and 5.2 
Mev by varying the magnetic field. 
With a thick gold target placed to inter- 
cept the seventh orbit, X-ray outputs 
of 20 r/min have been measured at a 
distance of 15 cm from the target. 

The construction of this accelerator 
has proved the validity of Veksler’s 
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original suggestions, and allows us to 
consider the advantages and disad- 
vantages of this type of accelerator. 


ADVANTAGES 


1. Extreme simplicity of the aeceler- 
ator and its associated r-f system is 
obtained. 

2. Production of reasonably large 
orbit currents is possible without the 
use of any electron injection system. 

3. Radiation loss from the particles 
will be negligible up to energies of 
several hundred Mev, since the energy 
gained per revolution is so large. The 
upper energy limit of this type of elee- 
tron accelerator should be considerably 
higher than for the betatron. 

4. Extraction of the orbits is a simple 
matter since they are so widely spaced 
from one another. 


DISADVANTAGES 


1. A solid magnet is required, and 
thus the cost of the machine will vary 
approximately as the cube of the final 
energy. 

2. At high energies and the neces- 
sarily high magnetic fields, the first 
orbit will not clear the resonant cavity. 
Experiments with slotted cavities, cut 
in such a way as to allow the passage of 
the first orbit, have proved successful. 
It appears that this problem may be 
overcome with this type of cavity. 
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Retention of Radon by the Mouse—Il 


METHOD OF ESTIMATING BIODECAY FROM EXPERIMENTAL DATA 


In this final paper, the method of estimating radon disinte- 
gration from experimental data is derived and the random 
error of the method is discussed. The author suggests how the 
error formula can be applied to the planning of experiments 


By JEROME CORNFIELD 


National Cancer Institute, Bethesda, Maryland 


IN THE PREVIOUS PAPER on this subject 
(1), a method of estimating from 


experimental data the average number 


of atoms of radon disintegrating in a 
It is the 
purpose of the present paper to derive 


group of mice was discussed. 


this method, develop a procedure for 
estimating the random error of the 
method, and indicate the usefulness of 
these results for planning other experi- 
ments. In the portion of this paper 
which refers to the latter purpose, the 
radioactive gas referred to is radon, 
although the methods obviously are of 
greater generality. 


Method of Estimation 
The problem of estimating the num- 
ber of atomic disintegrations to which 
an animal injected with N atoms of 
radon is exposed may be formulated as 
follows: The decay curve of radon is 

given by 

Ne™ (1) 

where A = 2.085 X 10-6/sec. 
The number of atoms disintegrating 
in the time interval At is, consequently: 
d(Ne-™) ag 

dt 

If an animal retained indefinitely all 
the radon injected, the number of dis- 
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= Nre~“At = (2) 


integrations would be given by 
ad , 
D= i NXedt (3 
) 


The radon injected is lost very 
rapidly, however. Smith and Morales 
showed (2) that the percentage of a 
stable inert gas retained can be de- 
scribed by the function 


4 
f(® = or bjt 
— 


j 
where a; and 6; are unknown constants 
depending on experimental conditions 
The number of atoms of a radioactive 
gas retained at time ¢ would conse- 
quently be 

Ne f(t) (4 
and the amount of biodecay or the 
number of disintegrations 


D=NX i 5 e>¥ (t)dt (5 


It would, therefore, be possible to fit 


f(t) to the experimental data on percent 


of radon retained and, from Eq. 5, then 
estimate the value of D. This pro- 
cedure seems undesirable for the follow- 
ing reasons: A. An exact fit of f(é) is 
very laborious (3) and even a graphical 
approximation may be time consuming. 
B. The determination of the constants 
a; and 6; is at best subject to a con- 
siderable error. C. No method is 
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TABLE 1 

Number of Disintegrations of Radon Intraperitoneally Injected into Mice 
m, -— Y, 

— 6) loge Y;, Y; 


. 
es ae ” 
———- 
1 


(2) (3) (7) * 


{ ¥;, 


(minutes) 


| logio Y;, te (5) 


| 


x (6) 


(observed) | logio (3) logio ¥r, (7) 


402 
399 
452 
287 
170 


100 2.000 2 7 26 0.120 
75.74t 879 3 32.32 0.242 
43.42 637 5 65 0.095 
34.77 541 5 7.57 0.305 
17.20 235 5 53 0.132 
12.67 102 10 5.23 0.293 212 
6.44 0.808 30 3.57 0.351 305 
2.87 0.457 60 2.646 1.107 143 
0.224 -~0. 649 120 2024 «1.015 23 
0.0216 1. 665 120t 0216 =1.015t 2 
0 Total 2399 

_ 2399 x 60 tbs " 

D = Nd jp x 2.3006 = 1-30N Xx 107% 


*In the original calculations, columns (4) and (7) were taken to five decimal places, and 
column (8) to one. 
t Not observed; interpolated value. 

_} Repeat preceding entry. The entries on line 10 are the calculated contribution to 
biodecay after 240 minutes and are obtained by extrapolating the exponential component 
connecting t = 120 andt = 240 tot = @, 

§ The reason for the conversions follows: We divide by 100 because Y: has been computed 
as a proportion rather than a percent. We multiply by 60 because fi is measured in minutes 


while \ is a number of disintegrations per second. 


We divide by 2.3026 because the log of 


Y:, has been taken to the base 10, whereas Eq. 12 calls for logs to the base e. 





available for estimating the error of D 
when so computed. For these reasons 
it seems desirable to develop some other 
procedure for estimating D. 

For that purpose we may proceed as 
follows: For Eq. 5, write 


D=NX Y i. e#(t)dt (6) 
feng J Li 


Between the limits ¢; and ¢t;,, assume 
that f() can be represented by a single 
exponential 

S(t) = aye (7) 
so that 


ti+t 
D=NAV a [emma 6 
pg bite dt (8) 
t 
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and on integrating, we obtain 


D=m) 
4 ‘ ' 

[e*f(ti) — ein f(tign)] (9) 
Because X is small relative to bi, we 
may write b; + = b;.* Furthermore, 
by Eq. 4, e*f(é) is the actual percentage 
of radon retained in an animal at time ¢. 
If we substitute for this expression Y;, 
the experimentally observed percentage 

at time t, Eq. 9 becomes 
D=NrxV 2%, = V4). (10) 

we ‘ 


* This assumption may require modification 
if the present method is applied to radioactive 
gases with very short half-lives. 








TABLE 2 


(1) (2) 


log Y: 


0 00 l 
2 | 75.74 

5 | 43.42 1.637 
10 34.77 1.541 


and column (14) to two. 





log Y; 
first 
component 


734T 
1.695t 


Estimation of Number of 


(8) * 


antilog (5) (3) — (6) log (7 


log Y; 
Y; first second 


component 


Y; second 
component | componen 


54.22 


49 61 


45.78 1. 660 
26.13 1.417 


* In the original calculations columns (4), (8), (8), (10) and (12) were taken to five decimal places 





Also, by virtue of Eq. 7: 
he log. Y,;, — loge Vu, 
tiga — t 
so that Eq. 10 becomes 
D = my (Cig: — € 
ag 


1 


(11) 


Vag — Yess 
MG, Bel © tees 
(12) 
Iq. 12 permits us to estimate D directly 
from the observed values of percent 
radon at time ¢, without recourse to any 
intermediate process of curve fitting. 
Table 1 illustrates the application of 
Eq. 12 to the computation of D, using 
data of the previous paper. The 
assumption made in Eq. 7, that two 
successive points can be connected by a 
single exponential component, intro- 
duces a negligible error for all time 
intervals but that from 0 to 5 minutes. 
During that period the biodecay of 


radon may be too rapid to be ade- ° 


quately described by a single exponen- 
tial component. For that reason an 
interpolated value has been inserted 
for t = 2. 
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On this basis, the value of D becomes 
1.30N x 10-*%. For contrast, the value 
of D obtained from 


f(t) = ROe~9-18369¢ + 17e~0:03873¢ 
+ 3e7° 022681 


fitted by graphical methods, is 1.35. 
< 107-3, a difference of about 4%. 

It is of some interest to compare the 
result obtained in the first time interval 
(0 to 2 minutes) by the use of one ex- 
ponential component with that obtained 
when two such components are used. 
The general procedure for obtaining an 
estimate with two components is: 

A. A single exponential component 
is fitted to the data for t; and ¢, (in this 
case 5 and 10 minutes) and extrapolated 
back to ¢; and t: (0 and 2 minutes). 
This provides the first component. 

B. The difference between the extra- 
polated values for ¢; and t: and the 
actual values for ¢; and ts, when fitted 
by another single component, provides 
the second component. 
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er of Disintegrations for the First Time Interval When Two Exponential Components are Used 
—Intraperitoneal Injections 
- Fo (10) * (11) aye | as) | ame | ao) 
so @ l, ee? 
: (4a) , (13) | 
7 f | (10) * (aa) | @) x Ge) 
& _ | 
g 7 A log ¥; AY, A log Y; AY; 
id | first first second second | 
1e1 : M, component | component component component | 
j : eid = OS 
0 2 |s 0.038 | 461 | 0.248 19.65 200 | 400 
7 | | 
/ 
i | 
laces BP flog Yo, = log Ye, =O + log Yi, = = 1.63769 1 — 8 + 1.54120” 
tlog Yip = log Ye, 4—@ + log ¥,2— = 1.63769 18 — = + 1.54120 == : 
es if C. Each of these components is then within 2% with that obtained by use of 
ue treated as before to provide an estimate a fitted curve, when an observed value 
| of D in the first time interval. for t = 2 is obtained, and when two ex- 
Such a computation is shown in  ponential components are used for the 
| Table 2 for the results of intraperitoneal first two minutes. 
a ' injections. It is of interest to note that 
\ | the entry in column 16, 400, differs by Seas ta the Ghee of BD 
"less than 1% from the result obtained 
" ‘ for this time interval when one com- We define the error of D as its root 
- ponent is used (Table 1). In the case mean square error and denote it by op. 
_ of intravenously injected radon, how- The probability that the limits D + 30p 
- ever, the decline in percent of radon is include the true value of D is approxi- 
od so rapid that the two methods yield mately 997 in 1,000. For simplicity we 
d. ' different results. Usingone component _ shall assume that only one exponential 
" ) Dis estimated to be 2.75N X 10-4, as component is used for the first time 
it contrasted with 2.50N x 10~* when interval. Since D is a non-linear func- 
|} two components are used for the first tion of the observed Y's, it is not 
rn ' two minutes. For contrast, the value possible to derive an exact expression 
. of D obtained from for its root mean square error. The 
method we shall follow consists of ex- 
S(t) = 91.82e~2-209% + 7800-0067 pansion in Taylor series and disregards 
= + 0.38e—0.018" higher powers of the increments (4). 
d fitted graphically, is 2.45N x10-*, If in Eq. 12 we denote 


1s The estimate of D obtained by the 


present method therefore agrees to 
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(Ys — VYis1) Aog. Lt (13) 


) FO 
1 








by Z,, we may, by expanding in (AZ,)? = A,2(AY,)? + Ki2X(AY,,,)2 
Taylor’s series, write + 2KiKeAViAYi,, (16 
AZ, = poh ae + ‘a BP tethering expected value o 

_ log Vi/ Vis i - Vi41 Yo yy E(AZ;)? = Ky2E(AY;)? 
log? Yi/Yia1 , + Ky.2E(AY;,,)? 
(Y/Y ~ 1) = log y, eis aye. | + reer OF +0) (17 
log? Yi/ Visas But it is known (4) that 

(14) E(AY;)? = o;2/ni (18 
where n; is the number of animals 


AZ; = Ki AYi + KwAYi4, (15) observed at time i and ¢g; is the stand- 


or more briefly 





TABLE 3* 


Arithmetical Algebraic 
Operation Operation 


| 
P 
x 
: 
gz 
| 
§ 
: 
: 


logio (4) logio y; 2.000 
| Ay; 824 
| 2.3026 A logio y, 2.50 
(6) + (4) Ay; /y; 91 
(7) (8) A log. y; Ayi/u; 58 
(7)? (A log, y;)? >. 26 
| (3) X (9)/(10) At; Ky 50 
(6) + [(4) one column 
to right] Ayj/Yini 
(12) — (7) Ayj/yi+i — loge y; 
(3) X (13) /(10) At; Kj: 
(11) + [(14) one column 
to left] At; Kj: + Atj-Kij-12 14 
| (15)? 25 17.15 
’ 10.24 
n;t 1§ 
(16) xX (17) /(18) 175.63 


*In the original calculations, the values in this table were taken to five 
decimal places 

t Taken from previous paper. 

t Zero by definition. 

§ Arbitrarily chosen. 
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d deviation of the percent retained at ~ to))E (82.8%. 1) (20) 


time 7. Also 


E(AY;AY;.;) = 0 (19) By multiplication we find 


ince the observed average percentages  E(AZ;AZi.,) = KieKo iyi F(AYi4:)? 
tained at successive time periods are @ KiKi. Oics*/ tas 
ndependent of each other. From Eqs. (21) 


12, 17, 18, ¢ 9 we may then write a ae 
12, 17, 18, and 19 we may then writ After substitution in Eq. 20 and some 


2 o;2 , . 
2 = N22 \ (tig. — t;)? (Ku =~ i rearrangement of terms, we find 
ha n 

1 


1 «8 
op? = N22 \ = (bcos - t)AKy 


(tiga — tid(tise > ae 








Calculation of op for Intravenous Injection 


Time Period 


240 


592 3865 1030 0430 0.02175 
201 412 —0. 987 366 1.662 
2055 2835 0600 02125 
41 32 87 68 
75 73 58 49 
65 58 2s 18 
2.00 74 46 
85 22.88 24.20 


19 , 3s 97 
78 ‘ : 29 
69 { 2 38.15 


37 ) 71.§ 65.23 38.15 
2199. ¢ 5176.25 4255 45 1455.78 
04 0 0.005 0.0005 0.000029 
20 16 12 4 
6.7 1.61 0.17 0.01 
Total, line 19 = 244.99 


N XA X 60 & V/ 244.99 
0?22.———— 
100 


= 1.964N X 107° 
o»/D = 0.0785 
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where K,, = al tes 
—(1- Viiss Y,)] log? Y; Y i+: 
Kove = ((¥i-1/¥i — 1) 
— log Y¥i-1/¥;]Aog? Yi-1/Yi. 
For purposes of the previous paper 
the computation of oc» for intravenous 
injections is sufficient. It is illustrated 
in Table 3. Its value is 1.964N x 1075 
or 7.8% of D. This is the root mean 
square error in the determination of the 
average value of D. By itself it pro- 
vides no information on the extent to 
which any one animal will deviate from 
this average. This question is con- 
sidered in the next section. 


Application to the Planning of 
Experiments 

The most obvious use of Eq. 22 is in 
the calculation of the error of an esti- 
mate of D after an experiment has been 
completed. It is also useful, however, 
in planning two aspects of an experi- 
ment before the experiment is actually 
started: 

1) How many animals are required 
to achieve some predetermined level of 
accuracy? 

2) How should this total number of 
animals be allocated among the differ- 
ent time periods so as to achieve mini- 
mum root mean square error for a fixed 
total number of animals? 

It is convenient to start with the 
second question. It will be noted that 
the expression for op? in Eq. 22 is not an 
explicit function of the total number of 
animals but rather of the individual 
number at each time period, n;. This 
suggests that a particular allocation of 
n; among the various time periods may 
result in the smallest possible value of 
op. These optimum allocations (6) 
may be most easily found by the 
method of the Lagrange multiplier (7), 
since we wish to minimize op subject to 
the condition that Zn; is equal to some 
fixed total number of animals, say n. 
We therefore write 


X =op? + urn: (23) 


74 


(tii _ Kir 
— tia)Kei-y]? +4 


aX s 
If we set — = 0, we find 


on 
pote. /((tier — 4) Kis 
+ (t; = t; )K«- 12] 
and since Dn; = n 
n= 
noil(tisas — ti) Ki + (ti — ti)Ku- 
= , 
. of(tia —t) Ka + (4 — tb-r) Kees] 
a 
J 
(26 
If we now substitute this expression 
for n; in Eq. 22 we obtain the value of 
op When optimum allocations are used 


i “~ 
Nd \ oil(tiss - to) Ky, 


Vine 
i 


on = 


+ (t; — tia)Kyi-sys] (27 
From the data in Table 3 and the 
fact that D = 2.50N x 10-4, we may 
calculate that ¢p/D = 0.361//n when 
optimum allocations are used. This re- 
sult can now be used to estimate the 
number of mice required if, say, the 
experiment were to be repeated or 
another experiment with similar reten- 
tion and animal variation were to be 
undertaken. If we wish to assure 
(P = 0.003) that an actual estimate has 
an error not in excess of 50%, we may 
3 X 0.361 _ 
Vn 


write 0.5 


or 
Thus, five mice will provide an estimate 
of D that will have an error in excess of 
50% only three or four times in 1,000, 
when the mice are optimally allocated 
among the different time periods. 

If we wish to compare the value of D 
for two different groups of mice and 
detect any difference in excess of 50%, 
the root square error of the 
difference is 


mean 


0.361 V/3. 


Vin 
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Writing —— 
Vn 
n=10. 

ach group should thus include 10 mice. 

From Eq. 26 and the data in Table 3, 
ve can calculate that the optimum 
illocation of the 10 mice in each group 
vould be 2 at 2 minutes, | at 5, 1 at 10, 
| at 15, 2 at 30, 2 at 60, 1 at 120. 

It is also possible to obtain some 
approximate idea of the extent to which 
any one animal is likely to have a value 
of D which deviates from the average 
value for a group of animals by use of 
the expression ¢p/D = 0.361/,/n._ If 
we let nm = 1, we have the root mean 
square as a percentage of the mean for a 
sample of 1, or the coefficient of varia- 
tion of the original distribution. If we 
assume that the distribution of mice by 
the value of D is log normal, we should 
expect about 99.7% of all animals to 


have values of D within (1 +3 
< 0.361)% and 1/(1 +3 x 0.361)% 


To the extent that 
the assumed distribution applies there- 
fore, only 0.3% of the mice would have 
individual D’s more than twice the 
group mean or less than half of it. 

A general check on the order of 
of this ealeulation can be 
obtained by computing D using, first, 


of the group mean. 


accuracy 


the highest percent retention observed 
at each time period and, second, the 
lowest percent retention observed at 
each time period as given in the preced- 
ing paper. This yields upper and 
lower limits of 63% above and 48% 
below the group mean. Even if the 
assumption of a log normal distribution 
is correct, however, the present esti- 
mate should be considered only an 
approximation, since under such cir- 
cumstances op should be calculated 
from the logs of the observed percents 
retained, rather than the original values. 
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IF WE ACCEPT the statement, and I think we may, that all radia- 
tion effects are damaging effects, the only tenable philosophy is 


Avoid All Avoidable Radiation. 


Any amount of radiation can 


be worked with safely if proper precautions are taken. No 
amount of radiation can be worked with safely if proper precau- 


tions are not taken. 


There should be someone, preferably not a member of the 
research team, responsible for the safe handling and proper dis- 
position of the radioactive materials. 


—EdwinG. Williams, 


Journal of the Oklahoma State Medical Association, July, 1949 — 
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Discussion of: 





Instrumentation for a Nuclear Reactor 


In this discussion of a paper* published in the August issue of 
NUCLEONICS, the author describes the problems in design- 
ing appropriate detector elements and telemetering systems 


By V. L. PARSEGIAN 


The Kellex Corporation, New York, New York 


Messrs. Cochran and Hansen have 
done well to focus attention on the very 
difficult problem of providing proper 
instruments for the atomic power plant. 
Such plants are likely to be successful 
only to the degree that they are made 
automatically controlled and continu- 
ous in operation over extended periods 

both of which characteristics depend 
heavily on the availability of suitable 
The same holds true for 
the radiochemical plants 


which are associated with these power 


instruments. 
separation 


units. 

Perhaps a somewhat different empha- 
sis may be madeas to the characteristics 
Most 
instrument divided 
into a detector element, a telemetering 


desired of the new instruments. 
systems may be 
system, and an indicating or registering 
instrument. If a control function is 
also involved, one may further identify 
a controller element associated with the 
instrument, the controlled valve or 
motor operator, again with a telemeter- 
ing system connecting the two. 
Whether the measurement is of radia- 
tion intensity, temperature, pressure, 
liquid level, flow rate, or the position of 
a mechanical element, the information 


* The original paper, by D. Cochran and 
C. A. Hansen, Jr., of the General Electric Co., 
was presented at the recent semiannual meeting 
of the American Society of Mechanical Engineers 
in San Francisco, as was this discussion. 


16 


must often be relayed from an unin- 
habitable radivet area to an instrument 
panel area where operators may remair 
without danger, the two areas being 
separated by heavy walls. 

Therefore, instrumental methods used 
in atomic plants are likely to require 
faithful telemetering of intelligence from 
a detector element to an indicating or 
often is 


recording instrument which 


hundreds of feet away. 


Telemetering Medium 

The telemetering medium must not 
permit transport of radioactive fluids, 
vapors, or air from the danger areas to 
the instrument panels either during 
normal operation or on breakdown. 
Most mechanical couplings are likely 
to have wall clearances which will be 
difficult to seal against air leakage. 

When pneumatic or hydraulic sys- 
tems are used, the fluid should not under 
any likely circumstance be permitted to 
flow or return to the instrument area. 
This would seem to make of question- 
able merit a device such as the single 
thin-diaphragm air-balance method 


+ The term radive has been proposed by 
W. B. Snow, of The Kellex Corporation, to 
indicate the presence of nuclear radiation above 
the tolerance levels. Possibly this new term 
can substitute for the less desirable expression 
“hot” which is becoming all too common and 
confusing {in the conversation of the nuclear 
engineer. 
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the authors for the 
easurement of pressure. By way of 
lustration, the method might be im- 
proved to permit greater safety by use 
f{ a multiplicity of intervening cham- 
bers and diaphragms, each sealed and 
perhaps filled with liquid. The dia- 
phragms could be mechanically con- 
nected at their centers to transmit small 
movements, and varied in 
diameter to assure that failure of the 


entioned by 


perhaps 


first diaphragm is readily detected. 

In connection with pneumatic sys- 
tems, it may be well to point out that 
unless the rate of air flow is sufficiently 
high, there is danger of radioactive 
vapors working back into the instru- 
panel area by slow diffusion 
processes, particularly if the 
supplied through large-diameter lines 
and at a “‘trickle” rate. There usually 
ought to be provided a separating 
medium of sufficient dependability to 
prevent flow back to the instrument 
areas; obviously, one cannot depend on 
any check for such 
separation. 

From the point of view of providing 
complete separation against radioactiv- 
ity transfer between plant areas, elec- 
trical telemetering methods 
important advantages. Therefore, con- 
siderable effort ought to be exerted 
toward developing electrically register- 
ing instrument systems. 


ment 
air is 


valve system 


possess 


Detector Elements 

The most serious instrument prob- 
lems encountered are usually in connec- 
tion with the detector elements, since 
standard industrial recorders will per- 
form fairly well in recording either 
electrical voltage or pneumatic pressure 
changes. Aside from the usual require- 
ments of sensitivity, range, stability 
over extended periods, etc., a feature 
that is highly desired in a detector sys- 
tem is nicely exemplified in the elec- 
tromagnetic flow meter mentioned by 
the authors. The fact that this instru- 
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ment will measure flow rate without 
direct contact between the detector ele- 
ment and the stream will go far toward 
offsetting other limitations the method 
may have. Failure of such an instru- 
ment will not require that the plant be 
shut down, and the pipes disassembled 
by complicated remote control mechan- 
isms for replacement of the element. 
This same characteristic would be 
instruments to 
temperature, 


measure 
chemical 


welcomed in 
liquid — level, 


composition, position of moving levers, 


ete. In addition to electromagnetic 
induction, one might make use of the 
magnetic or dielectric properties of the 
contained fluid, electrical conductivity, 
or of selective absorption by the fluid 
for radiation that can penetrate pipe 
walls. Since the pipe walls may often 
be made of insulating or nonmagnetic 
materials, or even of plastics in low- 
temperature systems, one may utilize 
nuclear radiation or high-frequency 
electromagnetic phenomena in addition 
to ordinary frequencies. 

In general, one should stress the im- 
portance of developing detector systems 
that: 

1. Do not require direct contact with 
the fluid or other element under meas- 
urement, but rather permit separation 
of the detector by walls of substantial 
strength. 

2. Permit some measure of periodic 
standardization or checking from the 
instrument panel. 

3. Require no mechanically moving 
parts in the radive fluid stream. 

4. Permit replacement without intri- 
cate manipulation and without serious 
loss of calibration. 

5. Have time constants of the order 
of seconds when a chemical process or 
heat transfer is involved, but nearer 
0.001 sec when emergency control of an 
atomic reactor is involved. 

6. Offer large range; as pointed out 
by the authors, the ratio of maximum 
to minimum readings may sometimes 
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reach a factor of 10’, although for such 
extreme ranges it would be better to 
have multiple detector units. 
a logarithmic scale may also find useful 
application, since one is usually more 
concerned with percentage change than 


Possibly 


with increments of change. 

7. Long life is of great importance, as 
pointed out by the authors. Perhaps 
a ‘“guaranteed”’ life of ten years for 
instruments that cannot be easily re- 
placed, and two years for more easily 
replaceable units, may provide useful 
guides comparable to the best of present 
industrial practices. 

8. One can tolerate considerable com- 
plexity in the instrument components, 
provided the complexity is kept at the 
instrument panel and not at the 
detector end. The engineering design 
of such instruments should make possi- 
ble quick replacement and interchange- 
ability of component subassemblies. 
The detector unit should also in general 
be a “packaged” unit. 

It may be well to emphasize that suc- 
cessful process control has been attained 
in industry by relying less on absolute 
accuracy than on reproducibility, uni- 


formity, and sensitivity of instrumenta 
measurements. 


Radiation Measurement 

The presence of nuclear radiation in 
atomic plants presents both a problem 
and an additional tool; for there is not 
likely to be a better indicator for the 
presence (or variation) of radioactivity 
in a solution than the measurement 
of the emitted radiation. Radiation- 
instruments unfortunately 
leave much to be desired as far as their 
present applicability to process plants 
is concerned, largely because they have 
not been engineered for  perform- 
ance under industrial plant conditions 
Most manufacturers of radiation-meas- 
uring have tended to 
concentrate on laboratory-type instru- 
ments, perhaps because sufficient em- 
phasis has not yet been placed on instru- 
ments that are suited to the vapors and 
vicissitudes of plant use. 

Much remains to be done in this field, 
and the quality of the results will be as 
much dependent on the work of the 
industrial plant engineer as it is on the 
research of the nuclear physicist. 


measuring 


instruments 
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Introduction to Radiochemistry, by 
Gerhart Friedlander and Joseph Ken- 
nedy, John Wiley & Sons, Inc., New 
York, 1949, xiii + 412 pages, $5.00. 
Reviewed by Milton Burton, Department 
of Chemistry, University of Notre Dame. 

Friedlander and Kennedy have 
written an excellent, highly readable, 
well-conceived and well-organized text. 
It fills a great need for a modern manual 
in the field indicated by its title. 
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According to the usage of this text 
radiochemistry embraces all aspects of 
nuclear chemistry and tracer chemistry 
except those which are concerned with 
stable isotopes. Nuclear chemistry in 
turn includes the reactions of nuclei and 
the properties of resulting nuclear 
species; tracer chemistry is the field of 
chemical studies employing isotopic 
tracers. This book is an introduction to 
radiochemistry. The title means just 
what it says. It is not a text on radio- 
chemistry. Of thirteen chapters only 
the last three are concerned exclu- 
sively with radiochemistry. Evidently, 
they are presented primarily as back- 
ground to whet the appetite and to 
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indicate the range of possibilities for 
nvestigation in this most exciting field. 

Clearly, for these authors, physical 
science is not to be constrained by too 
picayune distinctions between chemis- 
try and physics. Thirty years ago 
G. N. Lewis and his confreres were in- 
troduecing chemists to the electronic 
shell of the atom and to its possibilities 
for them as chemists. Today a 
younger group must appreciate the 
factors involved in the structure of the 
atomic nucleus itself in order to work 
efficiently and effectively in radio- 
chemistry, in nuclear physics, and in the 
many fields of chemistry which tracer 
work can be made to elucidate. Mod- 
ern chemists require also some real 
knowledge of radiations, their charac- 
teristics, sources and detection, and of 
the nature of radiation absorption 


processes. 

The kinetics of nuclear reactions and 
the nature of their products not only 
have special implications for the knowl- 
edge of nuclei; they also require special 


tools, mechanical, electrical and mathe- 
matical, for their study and analysis. 
The statistical considerations of nuclear 
chemistry are somewhat more extensive 
than those necessary in other branches 
Special knowledge of chemistry can be 
applied particularly by chemists to 
solution of major problems in nuclear 
physics. To all these subjects this text 
makes adequate introduction; for some 
of them, the survey satisfies all the com- 
mon needs of the chemist in this field. 
For example, Chapter X on techniques 
for measurement and study of radiation 
is a useful and readable manual of prac- 
tical and technical advice which will 
be very helpful to any reader who 
wishes to progress beyond the dilettante 
stage. 

This book is purposefully written as 
an introductory text and not as a trea- 
tise. Accordingly, there is almost a 
paucity of footnotes and of outstanding 
names. At the end of each chapter, 
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however, carefully chosen references in- 
troduce the most earnest students to the 
various ramifications of each subject. 
Also, at the end of each chapter and at 
the end of the book are lists of questions 
and problems. The book may be com- 
fortably read without reference to these 
lists but the reader (and his teacher) 
who seeks mastery of the subject should 
study and answer all of them. (See, 
for example, the artfully devised ques- 
tions at the end of Chapter XI.) The 
Appendix contains tables of nuclear 
data sufficient for most of the usual ele- 
mentary problems in this field. It is 
doubtless the intention of the authors 
that this text be read with a conven- 
tional atomic table as well as with a 
chart of known isotopes in clear view. 
Neither is included in this text, although 
detailed information adequate to con- 
struction of the latter appears in the 
Appendix. 

The inadequacies of the text are all 
minor; in some cases they are a result of 
the restrictions deliberately set on the 
scope of the book by its authors. 
Others can easily be corrected in an in- 
evitable later edition. For example, 
the abbreviation ‘‘rd”’ is introduced on 
page 99 and defined on page 118. 
Plates of cloud-chamber phenomena aie 
an almost classical feature of texts in 
this field; they are absent from this 
book but their presence would be help- 
ful to the reader and to the authors. 
This reviewer regrets the restricted dis- 
cussion of the mechanism and operation 
of Geiger-Miiller counter tubes and of 
quenching circuits but his curiosity can 
be satisfied by study of the references 
suggested at the end of Chapter VIII. 
The absence of titles (in notably few 
cases) from some tables is a slight but 
real inconvenience. 

This book is remarkable for the ex- 
cellence of its format, for its use of good 
illustrations, and for its freedom from 
typographical errors. This reviewer re- 
calls only two of the latter. Perhaps 





there are others but, if so, they are well 
concealed. The excellent list of author- 
ities to whom the manuscript was sub- 
mitted prior to publication practically 
guarantees freedom from major errors 
in content. 

This is a text for every alert chemist 
not only to own but to read. 


Cosmic Ray Physics, by D. J. X. 
Montgomery, 
Marcel Schein at Princeton University 


based on lectures by 
with special contributions by Shuichi 
Kusake Niels Arley. 
University Press, Princeton, New Jer- 
sey, 1949, 370 pages, $5.00. 
by J. M. Jauch, State 
Iowa, Iowa City, Lowa. 


and Princeton 
Reviewed 
University of 

y 2°, 


Since the end of the war, research in 
cosmic-ray physics has developed at a 
breath-taking pace. In 
various discoveries of fundamental im- 


recent vears, 


portance have completely changed 


the traditional 
tation of some cosmic-ray phenomena. 


theoretical interpre- 
The physicist who has not kept in con- 
stant touch with cosmic-ray physics is 
apt to lose his orientation in such a be- 
wildering mass of research and specula- 
tion. This is why a book like the one 
under discussion serves an eminently 
useful purpose. 

In its broad outlines the book follows 
the original lectures of Professor Marcel 
Schein, who is one of the foremost re- 
search workers in this field. These lec- 
tures have been amplified by the author, 
both in the way of background material 
and extenson to recent progress and the 
result is an excellent job of organizing 
the highly complex material into a co- 
herent and easily readable account. 

The author emphasizes the experi- 


mental aspect of cosmic-ray physics. 
This is perhaps justifiable in view of the 
uncertain status of the theory in the 


realm of cosmic rays. However, a 
somewhat more careful treatment of the 


well-established theoretical aspects of 


80 


electromagnetic phenomena in cosmi: 
radiation may have greatly increased 
the value of the book. For instance, by 
far the most successful theoretical work 
in cosmic-ray physics is that of the cas- 
cade theory of the shower processes 
which in this book is treated only wit! 
a couple of pages of text and two figures 

A rather long section is devoted to 
experimental methods in cosmic-ray 
physics which.is presumably intended 
mostly for the layman in this field 
The remainder of the book covers such 
topics as intensity of cosmic radiation, 
the hard component, the soft component 
and heavy particles in cosmic radiation 
Five appendixes giving more detailed 
information on some special subjects 
and various charts and tables are also 
included. 

In keeping with the trend of present- 
day research, most of the space is de- 
voted to the discussion of the so-called 
hard component of the radiation. The 
hard been in recent 
vears the most fruitful special field of 
investigation. At least two new kinds 
of particles, the so-called mw- and p- 
mesons make up the bulk of this radia- 
tion and that there 
might be even more kinds of particles 
The properties of these mes- 


component has 


indications are 
present. 
ons are fundamental for an understand- 
ing of the nuclear forces; thus this field 
of cosmic-ray research is of greatest 
interest for the nuclear physicist. A 
significant link of cosmic-ray physics 
with terrestrial nuclear physics has 
recently been established by the produc- 
tion of the mesons with some of the 
large nuclear accelerators. 

The various significant experiments 
which led to the present picture of cos- 
mie rays are discussed in great detail. 
While some interpretations are not al- 
ways unambiguous, enough material is 
presented together with references to 
the relevant literature to enable the 
reader to form his own conclusions on 
the significance of some of the empirical 
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ucts. The reproduction of a large 
iumber of the more important cosmic 
ray events observed in the eloud cham- 
ber or on photographie plates greatly 
adds to the general readability of the 
hook. 

It is expected that the physicist at 
large as well as the nuclear physicist 
and cosmic-ray specialist will find use- 
ful information in the book, which is a 
most valuable addition to the existing 
literature on nuclear physics. 


OTHER LITERATURE 


Atomic Energy Levels, Vol. 1 (National 
Bureau of Standards Circular 467). 
This is a 352-page, cloth-bound com- 
pendium of all energy levels for ele- 
ments of atomic number 1 through 23 
(exclusive of those due to the hyperfine 
structure ascribed to atomic nuclei). 

The present volume is the first of a 
series being prepared at the Bureau 
as part of a general program on atomic 
energy levels derived from observations 
of the optical spectra of atoms and ions. 
In this series, spectra are presented in 
order of increasing atomic number, and 
under a given atomic number they are 
listed in order of increasing stages of 
ionization. For each spectrum a se- 
lected bibliography covering the analy- 
sis is given. The energy levels are 
tabulated in the related groups that 
form spectroscopic terms, counting 
upward from the lowest as zero. 
Electron configurations are also given 
in the tables, together with term inter- 
vals, Landé g-values, and term designa- 
tions in a uniform notation. For the 
more complex spectra, arrays of ob- 


served terms and their electron con- 
figurations are included. Similar arrays 
of the terms predicted by theory for 
important isoelectronic sequences are 
given in the introduction. 

Available from the Superintendent of 
Documents, U'. S. Govt. Printing Office, 
Washington 25, D. C., $2.75. 


Research and Development in Applied 
Optics and Optical Glass at the Na- 
tional Bureau of Standards, by Irvine 
C. Gardner and C. H. Hahner (National 
Bureau of Standards Miscellaneous 
Publication 194). A review and bibli- 
ography. Available from Superintent 
of Documents, U. S. Govt. Printing 
Office, Washington 25, D. C., 15 cents. 


BOOKS RECEIVED 


Spectroscopic Properties of Uranium 
Compounds (Div. III, Vol. 2, of Na- 
tional Nuclear Energy Series), by G. H. 
Dieke and A. B. F. Duncan, published 
by McGraw-Hill Book Co., Inc., New 
York, 1949, 290 pages, $2.75. 


Bibliography of Research on Heavy 
Hydrogen Compounds (Div. III, Vol. 
4C, of National Nuclear Energy Series), 
compiled by Alice H. Kimball, edited 
by Harold C. Urey and Isidor Kirshen- 
baum, published by McGraw-Hill Book 
Co., Ine., New York, 1949, 350 pages, 
$3.25. 


Ionization Chambers and Counters: 
Experimental Techniques (Div. V, Vol. 
2, of National Nuclear Energy Series), 
by Bruno Rossi and Hans H. Staub, 
published by McGraw-Hill Book Co., 
Inc., New York, 1949, 243 pages, $2.25. 
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NUCLEONIC EVENTS 








THE PRESIDENT’S STATEMENT 


On September 16, 1949, 
Harry 8S. Truman announced that: 


President 


I believe the American people to the 
fullest extent consistent with the na- 
tional security are entitled to be in- 
formed of all developments in the field 
of atomic energy. That is my reason 
for making public the following 
information. 

We have evidence that within recent 
weeks an atomic explosion occurred in 
the U.S.S.R. 

Ever since atomic energy 
released by man, the eventual develop- 
ment of this new force by other nations 
was to be expected. This probability 
has always been taken into account by 
us. 

Nearly four years ago I pointed out 
that ‘scientific opinion appears to be 
practically unanimous that the essen- 
tial theoretical knowledge upon which 
the discovery is based is already widely 
known. There is substantial 
agreement that foreign research can 
come abreast of our present theoretical 
knowledge in time.’’ And, in the 
three-nation declaration of the Presi- 
dent of the-United States and the 
Prime Ministers of the United King- 
dom and of Canada, dated Nov. 15, 
1945, it was emphasized that no single 
nation could, in fact, have a monopoly 
of atomic weapons. 

This recent development emphasizes 
once again, if indeed such emphasis 
were needed, the necessity for that 
truly effective and enforceable inter- 
national control of atomic energy 
which this Government and the large 
majority of the members of the United 
Nations support. 


was first 


also 


U. S., U. K., CANADA HOLD 
DECLASSIFICATION MEETING 
Representatives of the atomic energy 
agencies of Canada, the United King- 
dom and the United States on Sept. 26- 
28 held their third declassification meet- 


ing at the Canadian Atomic Energy 
Research Establishment at Chalk River, 
Ontario. The purpose of the meeting 
was to review the uniformity of applica- 
tion of security measures on atomic 
energy which the 
countries hold in common. 

The three nations now use uniform 
declassification guides in determining 
what information arising from their 
atomic energy research and develop- 


information three 


mental work may be published and 
what information is to be kept classified 
and restricted in circulation. The uni- 
form guides were developed at the first 
declassification meeting of the repre- 
sentatives of the three governments in 
November, 1947, at Washington, D. C., 
and were revised at a second meeting 
at Harwell, England in September, 1948. 

At the meeting last month, the guides 
were reviewed in the light of technical 
developments of the past 12 months. 
The purpose of the review was to assist 
in maintaining maximum security of 
the information held in common by the 
participating nations. Representing 
the three nations at the meeting were: 

United Kingdom: R. E. Peierls, pro- 
fessor of mathematics, University of 
Birmingham; H. J. Emeleus, professor 
of chemistry, Cambridge University; 
H. W. B. Skinner, head, general physics 
division, Atomic Energy Research Es- 
tablishment; and J. F. Jackson, techni- 
‘al administrative office, Atomic Energy 
Research Establishment. 

United States: W. C. Johnson, chair- 
man, department of chemistry, Univer- 
sity of Chicago; W. F. Libby, professor 
of chemistry, University of Chicago; 
J. M. B. Kellogg, leader, physics divi- 
sion, Los Alamos Scientific Laboratory ; 
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eased 


R. L. 
(niversity of California; F. de Hoff- 
mann, Los Alamos Scientifie Laboratory ; 
|. G. Beckerley, chief, Declassification 


Thornton, professor of physics, 


Branch, U. S. AEC; C. L. Marshall, 
deputy chief, Declassification Branch, 
U. S. AEC; H. A. Fidler, area man- 
ager, Berkeley Area, U. 8S. AEC; and 
Bennett Boskey, deputy general coun- 
sel, U. S. AEC. 

Canada: W. B. Lewis, director of the 
Division of Atomie Energy Research, 
Chalk River; W. H. Watson, director, 
physies sub-division; L. G. Cook, head, 
chemistry branch, Atomic Energy Proj- 
ect, Chalk River, Secretary; B. W. 
Sargent, head, nuclear physics branch; 
and Charles Walker, declassification 
officer, secretary. 


HOLD 3-NATION CONFERENCE 
ON REACTOR SAFEGUARDS 


A three-nation conference on hazards 
and safety in connection with nuclear 
reactors and related subjects was held 
in England Sept. 5-10. The conference 
included classified discussions and in- 
spections under the existing Technical 
Cooperation Program of the United 
States, United Kingdom and Canada, 
which was established early in 1948. 
This program does not include weapons 
information. 

Evaluation of the potential hazards of 
reactors is one of the primary considera- 
tions in the location and design of 
reactors, and each of the three nations 
has carried on extensive research into 
various phases of the problem. Among 
the topics discussed were environmental 
and meteorological studies connected 
with the treatment of radiohctive 
wastes, studies of biological tolerances 
to radiation of plants, animals, and 
human beings, and the significance to 
reactor hazards of malfunction of reac- 
tor structure or controls, accidental 
error of operations, sabotage, etc. 

This country was represented by five 
members of the U. S. Atomic Energy 
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Commission’s Reactor Safeguard Com- 
mittee. They are: Edward Teller, 
chairman, Institute of Nuclear Studies, 
University of Chicago, Chicago; Man- 
son Benedict, Hydrocarbon Research, 
Inc., N. Y.; Joseph W. Kennedy, De- 
partment of Chemistry, Washington 
University, St. Louis, Mo.; Abel Wol- 
man, Department of Sanitary Engineer- 
ing, Johns Hopkins University, 
Baltimore, Md.; and John A. Wheeler, 
Palmer Physical Laboratory, Princeton 
University, Princeton, N. J. In addi- 
tion, the following U. 8. representatives 
also attended: Frederic de Hoffman, 
Los Alamos Scientific Laboratory, Los 
Alamos, N. M., and Comdr. James M. 
Dunford, USN, Atomic Energy Com- 
mission, Washington, D. C. 

Great Britain was represented by 
H. W. B. Skinner, J. Diamond, J. V. 
Dunworth, K. Fuchs, W. G. Marley, 
C. A. Rennie and R. Spence of the 
Atomic Energy Research Establish- 
ment at Harwell, and E. F. Edson, G. R. 
Howells and J. C. C. Stewart of the 
Department of Atomic Energy. 

Canada was represented by W. B. 
Lewis, director of the Chalk River 
Laboratory of the Canadian National 
Research Council. 


ION CHAMBER SYMPOSIUM 
HELD AT FORT MONMOUTH 


A symposium on ionization chamber 
techniques, sponsored by the Signal 
Corps Engineering Laboratory, was 
held on Sept. 14, 15 and 16 at Fort Mon- 
mouth, New Jersey. The moderator 
was G. Failla of Columbia University. 

Papers were presented by the follow- 
ing: Francis R. Shonka, Argonne 
National Laboratory; Robert W. 
Schede, John R. Mahoney, P. R. Bell, 
Kenneth E. Burmaster and Ronald K. 
Abele, Oak Ridge National Laboratory ; 
Marvin G. Schorr, Tracerlab; Lauris- 
ton S. Taylor, Harold O. Wyckoff, 
Harold F. Gibson and Frank H. Day, 
National Bureau of Standards; Arthur 





CLEMENT J. RODDEN, director of the 
New Brunswick (N. J.) Laboratory of the 
Atomic Energy Commission, is shown 
heating a sample suspected of containing 
very small ‘trace’? amounts of uranium 
prior to study under a fluorimeter. The 
exact amount of fluorescence induced by 
ultraviolet light can be determined under 
the fluorimeter, thereby giving the uran- 
ium content of the material. The flat 
dishes over the Bunsen burner are 24- 
carat gold, and the larger mixing dishes in 
the right foreground are pure platinum. 
Gold and platinum dishes must be used to 
prevent the material under study from 
picking up impurities which would cause 
inaccurate readings. Even the tongs are 
platinum-tipped. 

The New Brunswick laboratory, which 
held open house Sept. 10 for the first time 
since it opened on April 3, is now said to 
be effectively in full operation. It is a 
quality control laboratory and is an inte- 
gral part of the reactor materials and 
uranium feed materials production chain 
managed by the AEC New York Opera- 
tions Office. Representing a total in- 
vestment of over $1,200,000, it is said to 
be one of the best equipped analytical 

control laboratories in the world. 





J. Warner, Federal Telecommunica- 
tions Laboratory; Kenneth Dolinger 
and Herbert S. Starke, Raytheon Co.; 
and Richard Weiss and Lt. Col. David 
T. Griffin, Evans Signal Laboratory. 

Scientists from various laboratories 
and from industry attended. 
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ANALYTICAL CHEM. CONFERENCE 
TO BE HELD IN PITTSBURGH 

The Pittsburgh Conference on Analy 
tical Chemistry and Applied Spectros- 
copy will be held at the William Penn 
Hotel, Pittsburgh, Pennsylvania, on 
Feb. 15, 16 and 17, 1950. The confer- 
ence is being jointly sponsored by the 
Analytical Division of the Pittsburgh 
section of the American Chemical So- 
ciety and the Spectrographic Society of 
Pittsburgh. An exposition of modern 
analytical equipment will be featured. 


GEIGER COUNTER SYMPOSIUM 
TO BE HELD AT NRL 

A symposium on Geiger counters is to 
be held Oct. 27 and 28 at the Naval 
Washington, 


Research Laboratory, 


D. C. This symposium is one of a 
series, initiated by the Instrument 
Branch of the Atomic Energy Commis- 
sion, covering various aspects of nu- 
cleonies instrumentation. 

The program will include lectures on 


recent developments in Geiger tube 
research and applications of tubes. It 
is expected that the following will be 
among the speakers: S. A. Korff, C. G. 
Montgomery, W. F. G. Swann, W. F. 
Libby, J. A. Simpson, 8. C. Brown, 
L. A. Langer, and A. K. Solomon. 
Sessions will be provided for discus- 
sions of counter tube techniques and re- 
quirements in industrial, medical and 
military applications. The subject 
matter will be unclassified and the meet- 
ing is open to invited members of 
private and government laboratories. 


BELL LABS USE 
RADIOTRACER TECHNIQUES 


The Murray Hill laboratory of the 
Bell Telephone Laboratories is using 
radioactive tracer techniques to study 
impurity distribution in germanium in- 
gots for transistors. According to the 
Bell Laboratories Record [27, 333 
(1949)], radioactive antimony is melted 
with germanium to form an ingot which 
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then cut into slices about 100 mils 
‘ick. Registering intensity of radia- 
tion, a Geiger counter reveals the con- 
entration of antimony in each slice, 
is little as one part in 108. The article 
states that the results help guide the 
production of chemically uniform ger- 
manium for transistors. 


AUSTRALIANS USE TRACERS 
IN APPLIED RESEARCH 


The Commonwealth Scientific and 
Industrial Research Organization of 
\ustralia is using radioactive tracers in 
the following projects, according to a 
recent announcement: 

1. Investigation of methods of meas- 
urement of radioiodine in the human 
thyroid gland and analysis of the 
uptake-time relationship. 

2. Design of standard form of probe 
unit for Geiger counter tubes, to provide 
well-defined directional properties. 
Sensitivity measurements are made for 
different radioactive sources. 

3. Investigations of the suitability of 
the fluorescent screen method of meas- 
uring beta-ray-emitting isotopes. 


BLAW-KNOX GETS CONTRACT 
TO BUILD TEST REACTOR 


A contract has been signed between 
the Atomic Energy Commission and the 
Chemical Plants Division of the Blaw- 
Knox Construction Company of Pitts- 
burgh, Pa., for architect-engineer serv- 
ices for the design of a materials testing 
reactor. Announcement of the con- 
tract by L. E. Johnston, AEC’s man- 
ager of Idaho Operations, indicates 
the reactor will be used at the newly 
planned Arco, Idaho, reactor testing 
station. 

The contract is on a cost-plus-fixed- 
fee basis, and the cost is estimated at 
about $1,870,000. Preliminary esti- 
mates indicate the total cost of the 
reactor will be about $20,000,000. 

The primary purpose of the new 
reactor, according to AEC, will be to 
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test various reactor construction mate- 
rials under intense neutron bombard- 
ment—an intensity far greater than any 
experienced in the present reactors at 
the Hanford Plutonium Works. It will 
also provide an intense source of neu- 
trons for nuclear physics experiments. 

Research development and _ prelimi- 
nary design of the reactor was begun in 
1946 at Oak Ridge National Labora- 
tory. For the past half year, it has 
been carried on jointly by the Oak 
Ridge laboratory and Argonne National 
Laboratory. It is expected, therefore, 
that the architect-engineer for the new 
reactor will work closely with these two 
laboratories. 


NUCLEAR NEWSMAKERS 


J. R. Kelly has been appointed acting 
manager of the Hanford Works design 
division, according to an announcement 
by the General Electric Company, 
operator of Hanford. Mr. Kelly re- 
places F. W. Wilson, who resigned. 


Paul B. Pearson has been appointed 
acting chief of the Biology Branch, 
Biology and Medicine Division, of the 
Atomic Energy Commission. Dr. 
Pearson has been with the AEC since 
March 1. Appointed to the Medical 
Branch of the same division were 
Charles L. Dunham, formerly of the 
University of Chicago, and George A. 
Hardie, formerly of Johns Hopkins 
University. 





H. H. Goldsmith (1907-1949) 

H. H. Goldsmith, head of the Publi- 
cations and Information Division of 
Brookhaven National Laboratory, was 
killed in a swimming accident on August 
7 at South Windham, Vt. Because of 
Mr. Goldsmith’s position in the field of 
nuclear physics and his former connec- 
tion with this journal, NucLEONICs is 
preparing a tribute to him, to be pub- 
lished in the November issue. 











PRODUCTS and MATERIALS 





METAL-FACED PLYWOOD FOR RADIOCHEMICAL LABORATORIES 


MANY LABORATORIES using radioactive materials have the problem of providing 


walls and partitions which can be easily decontaminated. 


The materials used must 


withstand contamination, or corrosion resulting from decontamination, as well as 


harmful effects from common acid or solvent fumes. 


bility factors have prevented general 
acceptance of most materials. 
Stainless-steel surfaced plywood, 
made under the trade name of Armorply 
by United States Plywood Corporation, 
65 West 44th St., New York 18, N. Y., 
is designed to meet these requirements. 
Any thickness of sheet metal can be 
bonded to any standard thickness of 
plywood on one or both sides. The 
bond without 
destruction of the adjacent wood fiber. 
Standard plywood lengths of 8, 10, or 
12 ft can be supplied, faced with 0.010 
in. stainless steel in widths up to 36 in. 
When the plywood is faced with 0.0186 


in. stainless steel, the widths available 


cannot be separated 


are extended to 48 in. 
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Cost, durability and flexi- 


All varieties of finish available in 
One rec- 


sheet metal can be applied. 
ommended type of finish gives a glossy, 
more impervious surface than a polished 
A slightly cloudy 
reduces mirror 


or ground surface. 
effect, which 
images to a nonobjectionable level. 


results, 


Armorply is available in two forms: 
industrial or architectural. The latter 
has an additional thin veneer of Philip- 
pine mahogany interposed between the 
metal facing and the fir-plywood base. 
This makes the sheet more rigid. 

Although moisture resistant, the 
adhesive in regular Armorply is not 
water or chemical proof. A _ water- 
proof grade is available, or edges of 
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regular panels can be treated at the 
factory with a chemical coating. Tem- 
peratures above 180° F for protracted 
periods will affect the adhesive also. 
Small areas, however, can withstand 
212° F for several minutes. 

In fabrication, Armorply can be 
sawed, drilled, routed, bored, soldered, 
and fastened with nails, screws, rivets, 
bolts. Metal-working tools give 
the best results. Fabrication work can 
be done at the factory on a production 
basis. An example is the modular 
panels illustrated. They have 4 in. of 
insulation enclosed by Armorply sheets, 
and were designed for construction of 
walk-in freezers. 

Wall construction with pan-type 
modules is also possible. The edges of 
each module are formed by routing and 
bending; this allows the metal to be 
continuous around the edge. Wood 
framing can be used for structural 
strength. 

Pan-type panels placed back to back 
can be used for a double-faced partition. 
With this type of construction, repairs 
to partitions or service pipes can be 
made without interference with adja- 
cent rooms. 

Armorply sheets may also be applied 
to a standard 2 X 4 in. wood stud wall. 
Service pipes, run between the studs, 
can be used to supply rooms on both 
sides of the wall. All joints and aper- 
tures can be made liquid tight with 
tape, neoprene gaskets, or strip coating. 

Cost estimates on both types of wall 
construction indicate that the cost of 
this type of construction equals or is 
less than that for steel panel walls or 
standard metal partitions. 

Other uses of metal-coated plywood 
include ceiling panels, benchtops, inte- 
gral service strips and shelves. When 
benchtops and walls are both made 
with Armorply, the equivalent of a 
“hi-strip’”’ workbench may be formed. 

Besides stainless steel, Armorply is 
regularly coated with aluminum, or 
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and 


zine-coated steel. Other metals have 
been bonded for special uses. An ex- 
ample is the plywood, coated with \% in. 
lead which was used in constructing 
walls for the X-ray room of a New York 
City hospital. 


WIDE-BAND AMPLIFIER 

Hewlett-Packard Company, 395 Page 
Mill Rd., Palo Alto, Calif. The type 
460A wide-band amplifier, designed to 
give optimum performance with 200- 
ohm impedance, provides a gain of 
20 db at frequencies up to 200 Me. 
Pulse rise time is 0.003 wsec. As many 
as five instruments can be cascaded to 
provide additional gain. A 200-ohm 


coaxial system of connectors and cables 
including adapters to connect the in- 
strument into a standard 50-ohm type 
N system and a special adapter for use 


with the type 410A vacuum tube volt- 
meter, is available. 


WIDE-BAND AMPLIFIERS 
Spencer-Kennedy Laboratories, Inc., 
186 Massachusetts Ave., Cambridge 39, 
Mass. Two new wide-band chain 
amplifiers have been added to the SKL 
line. Both employ a traveling wave 
circuit to attain a bandwidth of 200 Mc. 
With impedances of 200 ohms and 
nominal transmission characteristics of 
+1.5 db from 100 ke to 200 Me, these 
amplifiers have substantially linear 
phase shifts and rise times of 0.003 
usec. The model 204 amplifier uses 
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four stages of six 6AK5 tubes to achieve 
a gain of 40 db. Shown above, the 
model 202P, rated at 20 db gain, has a 
self-contained regulated power supply 
which maintains constant gain within 
1.3% for line voltage changes of +10%. 
Two stages of six 6AK5 tubes give a 
maximum undistorted output voltage of 
4 volts. Both models are mounted on 
19-in. wide aluminum panels for rack 
installation. 


PORTABLE G-M COUNTERS 

Nucleonic Corporation of America, 499 
Union St., Brooklyn 31, N. Y. Two 
battery-operated survey 
meters are available. Model RD-1 has 


portable 


earphones for detecting pulses from the 
G-M tube while model RD-1A employs 
both earphones and a flashing light to 


give an indication of counting rate. 


Both measure 234 X 4!5 & 53q in. 


sex 


2. 


INDUSTRIAL THICKNESS GAUGE 

Tracerlab, Inc., 130 High St., Boston 10, 
Mass. The SM-3 beta gauge, designed 
for use in small production lines, uses 
beta radiation from Sr®® and a radiation 
detector to measure the weight per unit 
area of continuously moving sheets of 


material up to 700 mg/cm?*. If specific 
gravity of the measured material is 
known, thickness as well as weight may 
be read directly from an illuminated 6-in. 
scale. Adjustable indicators are pro- 
vided for calibrating the meter in terms 
of desired positive and negative toler- 
ances. When tolerances are exceeded, 
lights flash and 115 volts appear on the 
corresponding terminals on the back of 
the instrument. These terminals can 
be used for attaching auxiliary warning 
or control equipment. No physical 
contact is made with the material being 
measured, but the moving-sheet mate- 
rial must be broken about once every 
eight hours while the instrument is 
balanced to compensate for any drift. 
Chemical composition of the sheet, it is 
claimed, will not affect the calibration 


AUTOMATIC SCALER 


Radioactive Products, Inc., 3201 E. 
Woodbridge St., Detroit 7, Mich. The 
Raychronometer is an automatic scaling 
instrument with a scale-of-10,000 for 
the collection of predetermined counts. 
An integrating-type meter gives a con- 
tinuous indication of the counting rate, 
and a synchronous-motor-driven com- 
puter is used to find the count per unit 
time. The integral, regulated voltage 
supply is variable from 500 to 2,500 
volts. G-M tube pulse-amplitude volt- 
age regulation is provided, together 
with G-M tube fusing circuits. 
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PROSPECTING METER 


Kelley-Koett Mfg. Co., 212 W. 4th St., 
Covington, Ky. Weighing two pounds, 
the model K-802 was designed for 
prospecting use. It uses a simple cir- 
cuit powered by two flashlight batteries 
and a plug-in G-M tube to detect both 
gamma and beta radiation. An on-off 
switch controls operation, Magnetic 
headphones, having 1,000 to 2,400 ohms 
impedanee, are used in the field. The 
instrument may be connected to a 
public address system for classroom 
demonstrations. 


% 


SURVEY METERS 

Fischer Research Laboratory, Inc., 1961 
University Ave., Palo Alto, Calif. Sur- 
vey meters for field and laboratory use 
now available are battery operated. 
Models C-12 and C-15 are equipped 
with headphones, flash indicator, and 
high-and-low-range ratemeters with 
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ranges from 0 to 0.2 and 0 to 20 mr/hr. 
Model C-12 is equipped with an adjust- 
able shield to allow exclusion of beta 
radiation from the internally mounted 
G-M tube. Model C-15 is equipped 
with a G-M tube installed in a separate 
prospecting stick 36 in. long. Weight 
of the instrument case is 5 lbs; the 
prospecting stick weighs 1 lb. Models 
C-12A and C-15A have the same speci- 
fications except that they are for use 
with headphones only. 


FIVE CHANNEL OSCILLOSCOPE 


Electronic Tube Corporation, 1200 East 
Mermaid Lane, Philadelphia, Pa. The 
model E5GVM oscilloscope uses a type 
7Z5P11 seven-inch five-gun cathode-ray 
tube to allow simultaneous display of 
five microvolt-level quantities. A com- 
mon time base generator with a fre- 
quency range from one sweep per min- 
ute to 200 per second, may be operated 
either continuously or as a single sweep. 
Two high-gain amplifiers give a gain in 
excess of 2,000,000 and a frequency 
response from 2 to 20,000 cps. Two a-c 
amplifiers and a d-c amplifier have a 
gain of 1,500. Frequency response 
from 2 to 100,000 cps + 1 db is pro- 
vided for the a-c amplifiers; response is 
flat to 10,000 cps + 1 db for the d-e 
amplifier. A pulse generator is in- 
cluded for calibration; pulsing rates of 
1, 10, 60 and 1,000 per second are 
available. 





ALPHA-BETA-GAMMA COUNTER 


N. Wood Counter Laboratory, 5646 
Harper Ave., Chicago 37, Ill. The type 
K-1 counter operates in the Geiger- 
Miiller region at less than 1,500 volts. 
It can also be operated in the propor- 
tional region for the counting of alpha 
particles in the presence of high beta 
activity. Samples are inserted into 
the counter volume, eliminating window 
absorption and giving a 50% geometry. 
Any available self-quenching mixture 


may be substituted for the gas specified. 


MOTOR SPEED CONTROL 

Servo-Tek Products Company, 4 God- 
win Ave., Paterson 1, N. J. Stepless 
speed control of specially designed 
fractional horsepower motors is claimed 
for two models of a new electronic con- 
trol unit. Full-wave rectification of 
either a 110 or 220 volt a-c supply pro- 
vides power for the armature and field 
of the ball-bearing motor. Speeds over 
a range of 20-to-1 (80 rpm standard) 
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may be selected. Armature voltage is 
controlled automatically to maintain 
the selected speed substantially con- 
stant from no load to full load. The 
motor may be started or stopped with- 
out changing the speed selected. Re- 
versing control units are available at 
additional cost. 

Cc“ LABELED COMPOUNDS 
Isotopes Division, AEC, Oak Ridge, 
Tenn. Two C*™ labeled compounds, 
sodium formate and algea, are now 
available. 

The sodium formate is in a solution 
which has been titrated to a phenol- 
phthalein end point; a trace of excess 
alkali and a detectable trace of phos- 
phate are present. In 0.75 ce of solu- 
tion there are 17 mg of sodium formate 
with 1 me of C™ activity. Packed in 
glass ampules, this material is priced at 
$125 per millicurie plus $10 handling 
charge. 

A limited quantity of C™ labeled 
algea (Scenedesmus obliques) has been 
prepared by biosynthesis. It has been 
dried to constant weight; 3.58 grams 
contain 1 me of C™ activity. Price is 
$180 per millicurie, plus $10 handling 
charge. Procurement procedures are 
as outlined in Isotopes Division Circu- 
lar E-39. 

DEHUMIDIFIERS 

Niagara Blower Company, Chrysler 
Building, New York 17, N. Y. has been 
licensed by Research Corporation, 405 
Lexington Ave., New York 17, N. Y. to 
manufacture dehumidifying and _air- 
conditioning equipment. The license 
was granted for a series of patents cov- 
ering the removal of moisture from air 
or other gases by the use of a hygro- 
scopic liquid. The moisture removal 
is a continuous process in which a liquid 
spray is used to pick up the moisture. 
As this liquid is diluted by airborne 
moisture, it is reconcentrated in appara- 
tus which evaporates the moisture and 
discharges it outdoors. 
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HIGH-TEMPERATURE CERAMICS 

specimens of oxide ceramic materials 
developed and tested at the National 
Bureau of Standards, Washington 265, 
D. C. are claimed to have better 
strength and creep characteristics at 
high temperatures than the best avail- 
ible metal alloys. A series of four 
tests were run at temperatures in excess 
of 1,800° F. Strengths in tension up to 
18,000 psi at 1,800° F and 15,000 psi 
at 1,900°F were observed. Above 
|,900° F strengths dropped off rapidly, 
averaging 5,000 psi at 2,000°F. Re- 
sistance to creep decreased rapidly 
when temperatures were raised above 
the 1,800-1,900° F range. Maximum 
observed creep rates ranged from 0.0002 
to 0.0008 % per hr at 1,800°F and 
16,000 psi stress, and from 0.0030 to 
0.0040% per hr at 1,900° F and 10,000 


psi. 


COUNTER TUBES 

Amperex Electronic Corporation, 25 
Washington St., Brooklyn 1, N. Y. 
Standard medium 4-pin bases for 
socket-mounting are now available on 
end mica-window radiation counter 
tubes, types 100 C, 100 N, 200 C, and 
200 N. These tubes are also available 
in regular construction. 


ELECTRO-CHEMOGRAPH 

Leeds and Northrup Company, 4934 
Stenton Ave., Philadelphia 44, Pa. 
The new type E Electro-Chemograph 
uses a Speedomax Microampere Re- 
corder to plot diffusion current as a 
function of voltage automatically in 
polarographic analysis. Four degrees 
of damping, eleven current ranges (1 to 
100 ya full scale), and three polarizing- 
voltage ranges (0 to —2, —1 to —3, 
1 to —1 volts) are all controlled from 
one panel. Polarizing voltage can be 
reversed and can be calibrated to +4 
mv against a built-in standard cell. 
The recorder zero can be shifted to 
separate individual curves. 
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CONTROL REGISTER 


Cyclotron Specialties Company, 
Moraga, Calif. Accurate counting and 
control of mechanical cycles is claimed 
for the new Cyclo-trol Register. Two 
dials are used to set the instrument for 
any number from 0 to 10,000. Opera- 
tion of a push button returns the 
register to its original setting at the end 
of acycle. A counting rate of up to 60 


impulses per second is claimed. 


LITERATURE AVAILABLE 
Isotopes—Catalog and Price List No. 3. 
Radioisotopes and stable isotopes avail- 
able from AEC installations are listed 
in this July, 1949 catalog, together with 
prices and brief outlines of procedure for 
ordering. The introduction outlines 
AEC policies and services. Jsotopes 
Division, AEC, Oak Ridge, Tenn. 
Flexitallic Catalog. Gasket application 
data as well as dimensions and instruc- 
tions for ordering are given in this new 
listing of Flexitallic products designed 
for high temperature and high pressure 
applications. Flezitallic Gasket Com- 
pany, 8th and Bailey Sts., Camden 2, 
N. J. 


Catalog 70. A new line of air-operated 
butterfly valves for process control is 
described. Sizes range from 3 to 12 in. 
in diameter. Fischer and Porter Com- 
pany, Hathoro, Pa. 
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Pennsylvania 
Allied Chemical and Dye Corporation, Barrett 
Division, Philadelphia 
Bartol Research Foundation, Swarthmore 
Carnegie Institute of Technology, Pittsburgh 
Physics 
Gulf Research and Development Company, 
Pittsburgh 
New Progress Development, Physics 
Houdry Process Corporation, Marcus Hook 
Research 
Jefferson Medical College, 
tochemistry 
Lankenau Hospital, Philadelphia 
Lehigh University, Bethlehem 
Physics 
Mellon Institute of Industrial Research, Pitts- 
burg 
Research 
Pennsylvania State College, State College 
Chemistry 
University of Pennsylvania, Philadelphia 


Philadelphia 


hysics 
Pittsburgh Plate Glass Company, Creighton 
ysics 
University of Pittsburgh, Pittsburgh 
Engineering Physics, X-Ray Laboratory 
Presbyterian Hopsital, Philadelphia 
Sun Oil Company, Marcus Hook 
Temple University Hospital, Philadelphia 
a nes and Gynecology 
U.S. Bureau of Mines, Pittsburgh 
Chemistry 
U. 8S. Department of Agriculture, 
Regional Research Laboratory, 
Chemistry 
Westinghouse 
Pittsburgh 
Electronics and Nuclear Physics 


Rhode Island 
Brown University, 
Physics 


Eastern 
Philadelphia 


Research Laboratories, East 


Providence 


Tennessee 
University of Tennessee, Knoxville 
Botany, Physics 
Fairchild Engine and Airplane Corp., 
Division, Oak Ridge 
Physics 


NEPA 


Texas 
Baylor University Hospital, Dallas 
Biophysics 
unis vou and Refining Company, 
esearch and Development 
Rice Institute, Houston 
hysics 
Southwestern Medical College, 
Medicine, Surgery 
Texas Research Foundation, Renner 
Industrial Research Division 
Tniversity of Texas, Austin 
Chemistry, Physics 
‘niversity of Texas, Medical Branch, Galveston 
Physiology 
Utah 


Tniversity of Utah School of Medicine, Salt 
Lake City 
Laboratory for the Study of Hereditary and 
Metabolic Disorders 


Baytown 


Dallas 


Virginia 
nive rsity of Virginia, Charlottesville 
ysics 2 
Washington 
University of Washington, Seattle ; 
Chemistry and Chemical Engineering 
Washington State College, Pullman 
Chemistry uae 
West Virginia 
Carbide and Carbon Chemicals Corporation, 
South Charleston 
Methods and Analyses 


Wisconsin 


University of Wisconsin, Madison 
Agricultural Bacteriology, Chemistry, Physics 


FOREIGN USERS OF RADIOISOTOPES 
(September 3, 1947 to June 30, 1949) 


Argentina 
Hospital Nacional de Clinicas, Buenos Aires 
Institute for Physiological Investigations, Hos- 
pital Tornu, Buenos Aires 
Instituto Medico Naval, Ministerio de Marina, 
Buenos Aires 
Ministry of Public Health, Buenos Aires 
National Academy of Medicine, Buenos Aires 
Radiologica! Institute, Rosario 
Sanatorio Centro Gallego, Buenos Aires 
Sociedad de Beneficencia de la Capital, Buenos 
Aires 
Australia 
Commonwealth X-ray and Radium Laboratory, 
Melbourne (Central dispensing agency for 
hospitals throughout Australia) 
Council for Scientific and Industrial Research 
Division of Animal Health, Sydney 
Division of Biochemistry and General Nutri- 
tion, Adelaide 
Division of Economic E ntomology, Canberra 
Division of Food Preservation and Transport, 
Sydney 
Division of Plant Industry, Canberra 
Division of Tribophysics, Melbourne 
Queensland Radium Institute, Brisbane 
University of Adelaide, Adelaide 
University of Melbourne, Melbourne 
University of Sydney, Sydney 
University of Western Australia, Perth 
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Belgium 
University of Brussels, Brussels 
University of Ghent, Ghent 
University of Liege, Liege 


Brazil 
To be used at Instituto Oswaldo Cruz, Rio de 
Janerio 
Canada 


Ayerst, McKenna & Harrison Limited, Mon- 
trea 

Immaculée-Conception Institute, Montreal 

McGill University, Montreal 

National Research Council, Ottawa 

University of Montreal, Montreal 

University of Saskatchewan, Saskatoon 

University of Toronto, Toronto 


Colombia 


Instituto Nacional de Radium, 
Nacional, Bogota 


Universidad 


Denmark 
Carlsberg Laboratory 
Institute for Theoretical Physics, Copenhagen 
Radium Center and Finsen Memoria! Hospital, 
Copenhagen 
Rockefeller Institute, 
Copenhagen 
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. Hans Mental Hospital for Women, Roskilde 
iversity of Copenhagen, Copenhagen 
iiversity Institute for Medical Physiology, 

Copenhagen 

University Institute for Zoophysiology, Copen- 


hagen 
Finland 
University of Helsingfors, Helsingfors 


France 
Collége de France, Paris 
Faculté de Pharmacie, Paris 
Hospital Broussais, Paris 
Hospital des Enfants Malades, Paris 
Institut Alfred Fournier, Paris 
Institut du Radium, Paris 
University of Lyon Medical School, Lyon 


Iceland 
University of Iceland, Reykjavik 


Italy 
Provincial Neurological Sanatorium, Trieste 
Stazione Zoologica, Naples 


Netherlands 
Institute of Nuclear Research, Amsterdam 
Laboratory for Chemical Technology, Delft 
Laboratory for Physiological Chemistry, Am- 

sterdam 

Municipal Hospital, The Hague 
Municipal Pharmacy, The Hague 
Netherlands Cancer Institute, Amsterdam 
University of Amsterdam, Amsterdam 
University of Leyden, Leyden 
University of Utrecht, Utrecht 


New Zealand 
Department of Scientific and Industrial Re- 
search, Soil Research Bureau, Wellington 
North Canterbury Hospital Board, Christchurch 
Public Hospital, Christchurch 


Norway 
Agricultural College of Norway, Oslo 
Dikemark Hospital, Asker, North Oslo 
Norwegian Cancer Hospital, Oslo 
Norwegian Defense Research Establishment, 
Kjeller 

Norwegian Radium Hospital, Osle 
niversity of Bergen, Bergen 

‘niversity Hospital, Haukeland, Bergen 
‘niversity Hospital, Oslo 

niversity of Oslo, Oslo 


Peru 
Hospital ““2 de Mayo,"’ Lima 
Maison Sante Hospital, Lima 


Spain 
Instituto Nacional de Geofisica, Madrid 


Sweden 


Chalmers Institute of Technology, 

Gynecological Clinic, Lund 

Karolinska Institute, Stockholm 

King Gustaf V's Jubilee Clinic, Sahlgrenska 
Hospital, Géteborg 

Nobel Institute for Physies, Stockholm 

Nobel Medical Institute, Stockholm 

Pharmaceutical Institute, Lund 

Royal College of Agriculture, Uppsala 

Royal Institute of Technology, Stockholm 

Seraphimer Hospital, Stockholm 

Technical High School, Institute for Food 
Chemistry, Stockholm 

University of Lund, Lund 

University of Stockholm, Stockholm 

University of U ppsala, Uppsala 

“Voterinairhégskolan,”’ Stockholm 

Wenner-Gren Institute for Experimental Zool- 

ogy, Stockholm 
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Géteborg 


Switzerland 
Geneva Hospital Cantonal, Geneva 
Universitats-Frauenklinik, Zurich 
University of Basel, Basel 
University of Lausanne, Lausanne 
University of Zurich, Zurich 


Turkey 


Private physician, Istanbul (Isotope not used) 


Union of South Africa 
Hospitals authorized by Special Isotopes Com- 
mittee, South Africa Council for Scientific 
and Industrial Research, Pretoria 
Johannesburg General Hospital, Johannesburg 
National Physical Laboratory, Pretoria 
Onderstepoort Research Laboratory, Pretoria 
Pretoria General Hospital, Pretoria 
South Africa Institute for Medical Research, 
Johannesburg 
Witwatersrand University Medical 
Johannesburg 


United Kingdom 


School, 


Bermuda 
Bermuda Biological Station, St. 
British West Africa 
fellow Fever Research 
Nigeria 
England and Scotland 
Addenbrooke's Hospital, Cambridge 
Agricultural and Fisheries Experimental 
Station, Lowestoft 
Birmingham University, Birmingham 
Bristol Mental Hospital, Bristol 
Bristol University, Bristol 
British Postgraduate Medical School, 
mersmith 
British Shering 
Cheshire 
Cambridge University, Cambridge 
Cardiff City Mental Hospital, Cardiff 
College of the Pharmaceutical Society, 
London 
Dulwich Hospital, London 
Edinburgh University, Edinburgh 
=xperimental Station, Rothamsted 
Glasgow Royal Cancer Hospital, Glasgow 
Glasgow University, Giasgow 
Glaxo Laboratories, Greenford, Middlesex 
Guy's Hospital, London 
Hammermith Hospital, London 
Leeds University, Leeds 
Liverpool Stanley Hospital, Liverpool 
Liverpool University, Liverpool 
London Hospital, London 
Marine Biological! Laboratories, Plymouth 
Marischall College, Aberdeen 
edical Research Council, Radiotherapeutic 
Research Unit, Hammersmith 
Middlesex Hospital, London 
National Hospital for Nervous 
London 
National Institute for Medical 
London 
Newcastle General 
upon-Tyne 
Oxford University, Oxford 
Radcliffe Infirmary, Oxford 
Rowett Research Institute, Aberdeen 
Royal Cancer Hospital, London 
Royal Sheffield Infirmary and 
Sheffield 
St. Bartholomew's Hospital, London 
St. Mary's Hospital, London 
St. Thomas’ Hospital, London 
Sheffield National Center for Radiotherapy, 
Sheffield 
Sheffield University, Sheffield 
Strangeways Research Lab., Cambridge 
Turner Dental School, Manchester 
University College, London 
University of London, London 


George 


Institute, Lagos, 


Ham- 


Research Laboratories, 


Diseases, 
Research, 


Hospital, Newcastle- 


Hospital, 








1 ge “LIGHTWEIGHT” CHAMPION OF ® 
PORTABLE SURVEY INSTRUMENTS © 


Tue acknowledged “champion” 
in its division, this new Beta 
Gamma portable survey instru- 
ment is tops in its class for de- 
sign, appearance, construction f 
and practical operation. Only : f STRONG 
El-Tronics, Inc. with over 15 years ; COMPACT 
experience in the commercial de- isa ; ACCURATE 
sign and manufacture of Geiger ! LIGHTWEIGHT 
Muller equipment, could produce q WATERPROOF 
an instrument so perfectly fitted FUNGUSPROOF 


for portable use. The all welded 


aluminum case is light but strong MODEL SM3 
to stand rough handling. Water- (A.E.C. Model SGM 18A) 


proof and specially treated to 
resist contamination, the case is SOME CHAMPIONSHIP STATISTICS 


made in two easily detachable @ Designed to exacting Government specifications 
parts allowing easy access (with- © Battery life over 200 hours 

out tools) to circuits and batteries. @ Self-Contained Geiger Muller probe unit at- 
Widely used and recommended in tached by 30” cable. 

all fields of radioactive research. Complete, Ready for operation. $225 F.0.B. Phila. 


Send for 4 page descriptive Bulletin No. 486 


4 ge 
ies 
2647-67 N. HOWARD STREET, PHILA. 33, PA. 


America’s Foremost Crafters Of Scientific Equipment 
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